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SUMMARY
Introduction
Mountains are of crucial importance for many environmental, social 
and  economical  reasons.  Water  demanding  agriculture,  some 
renewable  energies,  the  industry  and  population  depend  on 
mountains, and specially on its precipitation.
From a climatic point of view, they also play a crucial role in the 
climate system at very different time and spatial scales and they 
are  unique  areas  for  the  detection  of  climate  change  and  the 
assessment of  climate-related  impacts.  Sierra  de  Guadarrama,  in 
the central system of the Iberian Peninsula,  is not an exception. 
Understanding the phenomenology of precipitation at this excellent 
laboratory will not only help to understand its local impact, but 
will also help to solve  unresolved planetary questions.
Objective
The main objective of this PhD Thesis is to make a high resolution 
assessment  of  the  climatological  behavior  and  variability  of 
precipitation at Guadarrama based on measurement and modeling.
Methods
 In order to achieve this, the following methods have being used:
– design,  installation  and  operation  of  a  mountain 
meteorological network;
– climatological  analysis  of  the  historical  precipitation 
observations available in Sierra de Guadarrama;
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– analysis of the relationships between synoptic forcing and 
precipitation  in  Sierra  de  Guadarrama  using  Principal 
Component Analysis and k-means for weather typing;
– physical  modeling  of  the  precipitation  processes  using  a 
orographic precipitation model with very high resolution. 
Results and Conclusions
During the last 15 years, motivated by the need of filling the gap of 
observations at this area, observations have been made at one of 
the more complex areas of Guadarrama, the massif  of Peñalara. 
This data set has helped to have a first estimation of the climate of 
this region and has given support to other scientific activities that 
demanded local meteorological observations. This action has given 
an  unique  opportunity  to  acquire  knowhow  on  meteorological 
observing  techniques  and  operational  practices  at  mountains. 
Sharing  of  this  knowhow  will  help  the  mountain  meteorology 
observing community but it will also help for future improvements 
and to extend the number of sites to the rest of Guadarrama.
The limitation on having reliable measurements of precipitation at 
this mountain area, led to perform technical improvements of the 
methods of measurement but also to perform a classical analysis of 
the  historical  records  of  observations  made  at  three  AEMET 
observatories for the period 1989-2012 (Duran et al., 2013). This 
data  set  showed  to  be  very  homogeneous  and  valuable  to 
understand precipitation at this area. No previous research of this 
kind had ever been made and published for this specific mountain 
area  despite  its  relevance.  Some of  the  features  of  precipitation 
found are shared with northern and southern plateau observatories 
like  the  pronounced  summer  drought,  the  high  inter-annual 
variability  and  the  strong  connection  with  the  advection  of 
humidity  from  the  Atlantic  Ocean.  Nevertheless,  some  others 
features are more specific to this area like the strong altitudinal 
iv
gradient,  the  complexity  of  the  spatial  patterns  and  some 
differences between observatories on  the start time and duration of 
the summer drought. 
The strong connection found between the advection of  humidity 
from the Atlantic and local precipitation led to perform an analysis 
of  the  connections  between  the  advection  of  humidity  and 
precipitation at Guadarrama using weather typing methodologies 
(Duran et al., 2015). This analysis has given relevant knowledge 
about the strong relationship between the direction of the humidity 
flux and the orography. Also interesting information that could be 
used  for  operational  prediction  specific  to  Guadarrama,  climate 
change downscaling or precipitation assessment. This analysis also 
stressed  the  importance  of  orographic  precipitation  as  the 
phenomena explaining the altitudinal gradient. Normally, two main 
mechanisms are cited as responsible of air lifting and precipitation: 
large  scale  synoptic  systems  and  convective  instability.  Here, 
orographic precipitation seemed to be another essential contributor. 
In  order  to  confirm  this  hypothesis  an  orographic  precipitation 
model was applied (Duran and Barstad, 2015). Here, the Linear 
Model of Orographic Precipitation (Smith and Barstad, 2004)  was 
applied for simulating precipitation at Guadarrama from 1990 to 
2013 with 200 m resolution and a time step of 6 hours. For this 
application,  some  new  phenomena  have  been  included  to  the 
original version of the model, like a sub-saturated condition and a 
topographic mesoscale flow blocking. Also recoding of  the model 
from FORTRAN to Matlab(R) was  made.  Results  show a good 
agreement  with  observations  at  all  scales,  specially  at  monthly 
scale. Some disagreement has been found for winter months and 
also in May and October. While the winter overestimation can be 
attributable to under catching in the measuring process, the May 
and October  under  estimation  has  been related  with  convective 
origin precipitation. 
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Thanks  to  the  application  of  this  model  to  Guadarrama,  a 
comprehensive assessment of precipitation through observation and 
modeling is now available for the community. It also has helped to 
confirm that orographic precipitation is the leading precipitation 
phenomena at this area. The gridded data base of precipitation now 
available going from 1990 to 2013, with 200 m spatial resolution 
and daily temporal resolution opens new possibilities for research at 
this area. It also complements the observations available, since it 
considers  precipitation that is  still  difficult  to account for using 
only measurement techniques.
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RESUMEN
Introducción
Los  sistemas  montañosos  son  cruciales  desde  muchos  puntos  de 
vista  tanto  medioambientales,  sociales  y  económicos.  La 
agricultura, algunas energías renovables, gran parte de la industria 
y una gran cantidad de la población dependen de las montañas, 
especialmente de la precipitación que ocurre en su seno.
Desde el punto de vista climático, las montañas juegan un papel 
fundamental  en  el  sistema  climático  a  escalas  temporales  y 
espaciales muy diferentes y son excelentes indicadores del cambio 
climático. La Sierra de Guadarrama, situada en el Sistema Central 
de la Península Ibérica, no es una excepción. Entender mejor los 
fenómenos  que  dan  lugar  a  la  precipitación  en  este  excelente 
laboratorio natural  es crucial,  no sólo por conocer su impacto a 
nivel  local,  sino  también  porque  permitirá  ayudar  a  responder 
preguntas a nivel planetario.
Objetivo
El  objetivo  principal  de  esta  tesis  es  realizar  un  análisis 
climatológico  exhaustivo  y  una  evaluación  integral  de  la 
precipitación  en  Guadarrama  utilizando  observaciones  y 
modelización.
Metodología
Para  alcanzar  este  objetivo  se  ha  hecho  uso  de  los  siguientes 
métodos::
– Diseño, instalación y operación de una red meteorológica de 
montaña.
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– Análisis  de  los  históricos  de  precipitación  observados 
disponibles en Guadarrama.
– Análisis  de  las  relaciones  existentes  entre  el  forzamiento 
sinóptico y la precipitación en Guadarrama.
– Simulación numérica de los procesos físicos que dan lugar a 
la  precipitación  utilizando  un  modelo  de  precipitación 
orográfica.
Resultados y conclusiones
Con  el  objeto  de  paliar  el  gran  déficit  existente  de  medidas 
meteorológicas  en  zonas  montañosas,  y  más  concretamente,  en 
Guadarrama,  se  ha  procedido  a  la  instalación  de  una  red 
meteorológica en una de las zonas más complejas de esta sierra, el 
Macizo de Peñalara. El resultado ha sido, por un lado disponer de 
una base de datos de los últimos 15 años que permitan conocer y 
evaluar de forma más precisa la climatología de la zona. También 
se ha satisfecho la demanda de datos meteorológicos por parte de 
los  numerosos estudios  científicos  que tienen lugar en esta área. 
Finalmente, ha permitido construir un conocimiento valioso sobre 
la medida meteorológica en alta montaña, útil para la comunidad 
científica, pero también útil con vistas a mejorar la red en el futuro, 
extenderla a otras áreas de Guadarrama o incluso a otras zonas 
montañosas. 
A pesar de las grandes dificultades encontradas, la completitud de 
datos y calidad de los mismos ha sido aceptable. No obstante, la 
dificultad  ha  sido  mucho  mayor  para  la  obtención  de  medidas 
fiables de la precipitación lo que sugiere cambios en las técnicas 
automáticas  de  medida  pero,  sobre  todo,  la  necesidad  de 
contemplar el análisis de otras fuentes de datos. 
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Se ha realizado un análisis de las observaciones realizadas por la 
Agencia  Estatal  de  Meteorología  (AEMET)  en  los  observatorios 
manuales cercanos de Puerto de Navacerrada, Segovia y Colmenar 
Viejo (Durán et al., 2013). Este conjunto de datos se ha mostrado 
muy homogéneo y tremendamente útil para evaluar la climatología 
pluviométrica  de  esta  zona.  Algunas  de  las  características 
encontradas son comunes a las de las zonas mesetarias limítrofes 
tales  como  la  pronunciada  sequía  estival,  la  gran  variabilidad 
interanual y la fuerte conexión de la precipitación con la advección 
de  aire  húmedo  procedente  del  Atlántico.  Sin  embargo,  han 
aparecido  otros  aspectos  propios,  como  el  gran  gradiente 
altitudinal, la complejidad espacial de los patrones de precipitación 
y algunas diferencias relativas a la duración, comienzo y final de la 
sequía estival entre observatorios.
Esta fuerte conexión entre la advección de humedad procedente del 
Atlántico y la precipitación observada condujo a la realización de 
un análisis en mayor profundidad entre los flujos totales de vapor 
de agua de origen sinóptico y la precipitación observada (Duran et 
al., 2015). Este análisis ha permitido mejorar el conocimiento sobre 
la  interacción  entre  advección  de  humedad  y  orografía  y  ha 
permitido la obtención de una serie de patrones de comportamiento 
muy útiles para predicción operativa, ejercicios de regionalización, 
estudios  de  cambio  climático  y  evaluaciones  de  la  precipitación. 
Pero sobre todo, ha servido para enfatizar la importancia que tiene 
la   precipitación orográfica  en esta región.  La precipitación está 
asociada generalmente a dos fenómenos que producen ascensos de 
aire:  los  asociados  a  sistemas  sinópticos  de  gran  escala  y  los 
ascensos provocados por inestabilidad convectiva de origen térmico. 
Estos dos fenómenos, que explican la mayoría de la precipitación en 
ambas mesetas, no bastarían para explicar la variabilidad espacial 
encontrada en esta zona.
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Esta hipótesis ha podido ser confirmada realizando un conjunto de 
simulaciones  con  un  Modelo  Lineal  de  Precipitación  Orográfica 
(Smith and Barstad, 2004) para el periodo 1990-2013 (Durán and 
Barstad,  2015).  Se  hicieron  algunas  mejoras  respecto  al  modelo 
inicial,  desde  su  re-programación  en  lenguaje  Matlab(R) hasta  la 
incorporación de una formulación para reflejar condiciones de sub-
saturación  y  fenómenos  de  bloqueo  mesoescalar.  Los  resultados 
muestran  como es  capaz  de  simular  con gran  eficacia  la  sequía 
estival, aunque se encuentran ciertas discrepancias durante algunos 
meses de invierno y en mayo y octubre. La sobre-estimación de los 
meses  de  invierno  puede  asociarse  a  una  infravaloración  de  la 
precipitación en el proceso de observación debido al propio método 
de  observación,  mientras  que  la  infravaloración  de  primavera  y 
otoño se ha relacionado con procesos convectivos de origen térmico 
que este modelo no es capaz de simular. Aunque la simulación de la 
variabilidad interanual es satisfactoria, se apunta la necesidad de 
mejorar  la  metodología  para  ciertos  episodios  prolongados  de 
sequía. 
Finalmente, este ejercicio ha hecho posible disponer de la primera 
base de datos de precipitación en malla de alta resolución en la 
Sierra  de  Guadarrama.  Esto  abre  la  posibilidad  de  avanzar 
significativamente  en  el  conocimiento  de  la  fenomenología 
meteorológica,  pero  también  en  otras  disciplinas  que  requieran 
bases de datos de precipitación en mallas regulares. Por otro lado 
se  resuelve  de  forma  eficaz  las  dificultades  encontradas  en  la 
observación de este parámetro. Finalmente sirve para confirmar el 
papel crucial que juega la precipitación de origen orográfico en la 
Sierra  de  Guadarrama,  y  por  extensión,  en  otras  regiones 
montañosas del planeta. 
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Chapter 1. Introduction
Chapter 1. Introduction
1.1 Motivation
This  Ph.D  project  aims  at  describing  the  main  precipitation 
features and meteorological processes over Sierra de Guadarrama 
(Guadarrama hereafter), a mountainous region in the center of the 
Iberian Peninsula (IP hereafter). This Thesis faces multiple aspects 
and  scales,  ranging  from  observational  field  work,  statistical 
analysis,  synoptic  meteorology  and  physical  modeling  of  the 
precipitation processes.
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Photograph of the skyline of Madrid against Sierra de Guadarrama with  
Jarama river meadows in the front.
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From a scientific point of view, this Thesis is specially challenging 
since the area of study is a mountain area, precipitation at these 
areas are much less known  due to their intrinsic difficulties for 
field  work  and  the  added  complexity  of  the  meteorological 
processes. Focusing on the region of interest, not much is known 
about the overall climatology, and specifically about precipitation, 
at   Guadarrama  even  though  this  massif  has  been  giving 
sustainability during centuries to a precious ecosystem with a great 
biodiversity and providing  fresh water to millions of inhabitants, 
including Madrid city, the capital of Spain.
During the last decades there has been a growing scientific interest 
on this region and many disciplines have found in Guadarrama an 
excellent area to conduct research studies that try to answer some 
still  open questions,  not  only  at  a  local  scale,  but  also  global. 
These  researches  demand  reliable  meteorological  information  in 
order to conduct their assessments. Try to satisfy this demand in 
the most honest way and also the hope of bringing some light into 
the  knowledge  of  the  climate  and   meteorology  of  such  an 
important region (which has also been recently (2013) included in 
the list of National Parks in Spain, which means the highest degree 
of protection and environmental interest for a natural area. There 
are only 15 for the whole country),  are the motivation of the work 
done during all these years and shown here. 
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1.2. Mountainous Environments. Sierra 
de Guadarrama
Finding  a  simple  and  automatic  definition  of  what  is  a 
mountainous region is more difficult than expected. It seems clear 
in  the  case  of  high  summits,  but  discrepancies  are  found  when 
trying  to  differentiate  between  hills  and  mountains  and  also  to 
decide how far down from a well defined massif is feasible to extend 
the  mountainous  area  to  lower  lands.  The  irruption  of  detailed 
global digital elevation models from satellite and airplanes helped 
to  the  development  of  purely  orographically  based  algorithms 
(Gesch  et  al.,  1999).  But  a  combination  of  elevation  an  other 
topographic characteristics along with climatic issues have found to 
be  as  the  more  convenient  procedure.  A  nice  example  of  such 
classification is the work done by Hazeau et al. (2010), who  found 
a total of 4.231.683 km2 of the European Union to be classified as 
A Comprehensive Assessment of Precipitation at Sierra de Guadarrama Through Observation and 
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Dug by glaciers, Peñalara Massif still hides pristine and secret bowls
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mountainous regions, representing about a 29% of the total area 
(Figure  1.1). Specifically for Spain, they found an area of 505.964 
km2,  which  represents  a  54%  of  total  area.  Following  this 
classification, Spain is,  after Slovenia, Austria,  Greece and Italy, 
the sixth more mountainous country of the European Union out of 
28 countries.
Mountains  are  of  crucial  importance  for  many  economical, 
environmental and social reasons. Just to cite some:
• Agriculture:  many water-intensive  crops depend on rivers 
that originate in mountains.
• Biodiversity: the peculiar and variety of micro-climates at 
mountains host a big amount of species that are not able to 
survive at lower lands.
A Comprehensive Assessment of Precipitation at Sierra de Guadarrama Through Observation and 
Modeling. Luis Durán Montejano, (2015) 
4
Figure 1.1. Mountain massifs in Europe from Hazen et al. (2010) 
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• Energy:  hydro  power  and  wind  power  resources  at 
mountains is often higher than lower lands.
• Industry: Forestry, timberland and tourism.
• Population:  many  cities  sustainability  depends  on  fresh 
water that comes from mountains.
From  a  hydrological  point  of  view,  mountains  are  crucial  in 
regulating fresh water systems which are vital for the sustenance of 
all  kind  of  life.  They are  also  called  “water  towers”  since  they 
represent an elevated area of land that supplies much higher runoff 
in comparison to the adjacent lowland regions (de Jong et al., 2009; 
Hazeau  et  al.,  2010).  From  the  hydrological  point  of  view 
mountains show some advantages as sources of fresh water: with 
altitude precipitation is higher, there is more snow than rain, and 
this  makes  storage  more  efficient,  better  water  quality,  lower 
evapotranspiration and the fact that snow melts gradually, delays 
the runoff. One illustrating case of the importance of mountains for 
hydrology is  the  case  of  snow melt  on  the  Pyrenees  which has 
found to be crucial for ecological and socio-economic development 
of the semi-arid Ebro valley (López-Moreno and García-Ruiz, 2004; 
López-Moreno et al., 2009; López and Justribó, 2010). These works 
also show how the Ebro River receives 50–60 % of its discharge 
from the Pyrenees, although only 30 % of its catchment is in the 
mountains.
i. Mountains, Meteorology and Climate
The climate system is usually defined as a global system of complex 
interactions between its components, which are the atmosphere, the 
hydrosphere,  the  cryosphere,  the  lithosphere  and  the  biosphere 
(Peixoto  and  Oort,  1992).  All  of  these  neighboring  systems 
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interchange fluxes of mass, energy and momentum following non-
linear  interactions  and  making  their  full  understanding  very 
difficult. Mountains play a crucial role in the climatic system at 
very different time and spatial scales. 
From a strictly meteorological point of view, attending to different 
scales, mountains have three basics effects on climate:
1. Mountains are a key factor in the climatic system since can 
change  considerably  the  flow  of  the  air  masses  due  to 
dynamical  and  thermodynamical  effects.  These 
perturbations  can  reach  the  higher  vertical  levels  of  the 
troposphere  and  extend  to  broader  horizontal  areas 
influencing the climate of large areas of the Earth and in 
mid-latitudes. It is also  known how mountains can act as a 
trigger  of  cyclogenesis  (Buzzi  and Tibaldi,  1978;  Broccoli 
and Manabe, 1992; Frei et al., 2003; Yasunari et al., 2006).
2. Trough  interactions  with  the  atmosphere,  mountains 
generate specific and recurrent meteorological conditions on 
their immediate environment and  areas of influence. These 
conditions conform what is known as alpine or mountain 
climate (James, 1922; Jungo and Beniston, 2001; Rolland, 
2001;  Schotterer et al., 2003; Richter and Mechoso, 2006; 
AEMET, 2011).
3. At a local scale, mountains show a great variety of micro-
climates  due  to  their  complex  orography  (Jungo  and 
Beniston, 2001; Schotterer et al., 2003; Barry, 2013). They 
show a marked high spatial variability and in some cases 
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different topo-climates1 that host great biodiversity (Sancho 
et al., 2007; Moeslund et al., 2013). 
Mountains are remote from human activity and, due to altitude, 
almost immersed on the free atmosphere (Pepin and Seidel, 2005). 
This means that they are not perturbed by urbanization changes, 
local human activity and other factors that could strongly affect 
the homogeneity of meteorological observations made on them. For 
these  reasons,  mountains  are  unique  areas  for  the  detection  of 
climatic  change  and  the  assessment  of  climate-related  impacts 
(Beniston, 2003, 2006; Wang et al., 2013).
Even  though  not  much  direct  observations  are  available  at 
mountain regions,  the  available  ones and proxy records  indicate 
that, both, historical and recent climatic changes in mountains are 
comparable,  and  may  be  greater,  than  those  observed  at  lower 
lands, as found by Beniston (2006) for the Alps. Other works like 
López-Moreno et al. (2008, 2009), for the case of the Pyrenees or 
Bosch et al. (2007) for the case of Guadarrama show this behavior.
Mountain  ecosystems  are  specially  fragile  to  climate  variations 
whether or not they are due to internal causes of the system, or 
antropogenically induced (Jungo and Beniston, 2001; Rolland, 2003; 
Huber et al., 2005; Lurgi et al., 2012). At the same time, the very 
specific  conditions  of  mountain  environments  can  make  their 
ecosystems excellent indicators of climate change (Gottfried et al., 
2012; Ruiz-Labourdette et al., 2013).
1Topo-climate is  understood here as a characteristic  climate of  a very small  portion of  
terrain  due  to its  slope orientation,  angle,  curvature,  sky  view,  shelter,  terrain,  albedo,  
exposure to wind. Usually, mountains regions show a great variety of topoclimates that host  
many different species in some hundred of meters.
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ii. Mountains and Observation
Despite  the  importance  of  mountains  in  climate,  meteorological 
observations at mountains were not intensively made until the mid 
nineteenth  century.  Since  then,  and mostly  in  the  last  decades, 
progress  to  conduct  continuous  observations  has  been  made 
according  to  the  generalization  of  standardized  methods  for 
observing the atmosphere, but not without serious difficulties (Auer 
et al., 2007; Böhm et al., 2009). 
Meteorological observation at mountains has shown to be a very 
challenging issue, not only from the metrological point of view, but 
also  for  humans  conducting  the  observations.  It  is  generally 
accepted that a better understanding of the climatic characteristics 
of mountain regions is limited by a lack of observations adequately 
distributed in time and space. Also not enough theoretical attention 
has  been  given  to  the  complex  interaction  of  spatial  scales  in 
weather  and  climate  phenomena  in  mountains  (Smiatek  et  al., 
2005).
As done at similar situations with high deficit of observations, some 
climatic  information  for  mountains  could  be  retrieved  remotely 
trough the use of satellite information, radiosonde or observations 
obtained  at  closer  lower  lands  observatories.  But  in  this  case, 
differences between these observations and ground observations are 
significant due to decoupling of the boundary layer from the free 
troposphere, showing different climatic and meteorological behavior 
(Seidel and Free, 2003; Schär and Frei, 2005; Hazeau et al., 2010; 
Barry,  2013).  Thus,  more  in-situ  mountain  observatories  are 
necessary.
There are several reasons that explain this lack of reliable and long 
meteorological observations at mountains. Among these, one could 
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mention  remoteness,  extreme  environmental  conditions  and 
difficulties  on  having  powerful  energy  sources  and  good 
communications.  On  the  other  hand,  due  to  higher  spatial 
variability, one observatory might be representative of a very small 
area, requiring a higher density of stations than in lower lands.
iii. Mountains and Numerical Modeling
In the last decades, thanks to the fast evolution of the computing 
techniques  (software  and  hardware)  a  better  characterization  of 
meteorological phenomena and climate has been reached trough the 
use  of  numerical  models  (Chang,  2012).  These  tools  can  not 
substitute the observations of course, but can be very helpful when 
they are scarce or unreliable.
Numerical  models  try  to  simulate  the  always  complex  real 
phenomena with simplifications. The so called 'conceptual models' 
provide  a very direct  way of  interpreting the  results  by a very 
simplified formulation of the complete equations that describe the 
atmospheric system (Browning, 1986). Other models are developed 
to consider as less simplifications as possible in an attempt to be as 
close  as  possible  to  reality,  trying  to  accurately  solve  the  full 
system of differential equations that define the atmospheric fluid in 
motion, both dynamical and thermodynamically (IPCC, 2013). 
In the last decades a considerable amount of models are available 
for simulating atmospheric processes, but a common limitation for 
all of them is how they deal with space. Space can't be treated as a 
continuum due to computational limitations, and it is discretized in 
grid  cells.  These  grids  have  a  spatial  resolution,  that  could  be 
defined as the minimum distance that the model is able to resolve 
the equations numerically. Any decrease in this minimum distance, 
means a considerable increase in the number of points to solve the 
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equations, what means an increment in the time for the model to 
perform the simulations if computing time is limited. 
Mountains are characterized for having very complex orography, so 
height can vary hundreds of meters for short horizontal distances. 
As a matter of fact, mountain climate is mainly the response to 
altitude and complex orography (Whiteman, 2000; Barry, 2013). If 
a  model  wants  to  be  used  for  simulating  mountain  weather 
phenomena, then, higher resolution than lower lands needs to be 
considered (Giorgi and Mearns, 1991). 
Overtaking this resolution issue along with other added difficulties 
of modeling mountains (like higher expected climate variability or 
other  local  phenomena)  make  the  application  of  models  to 
mountains very challenging. 
One  clear  example  of  this  issue  is  the  relation  between  global 
climate models (GCMs, Chang, 2012) and regional climate models 
(RCMs, Giorgi and Mearns, 1991; Arribas et al., 2003; Castro et 
al., 2007; Jacob et al., 2007). In the past decades, RCMs have been 
developed and  it has been  proved that they are able to enhance 
the  regional  description  of  the  climatic  features  given  by Gems 
(IPCC, 2013; Flato et al., 2013). This is  due to fact that  RCMs 
increase the spatial resolution, considering that they are forced in 
their outer limits by the GCM or the reanalysis. Several examples 
of  the  better  regional  description  of  RCMs  when  dealing  with 
mountainous regions can be found in the literature, mainly over the 
Alps in Europe (Frei et al., 2003; Rauscher et al., 2010; Isotta et 
al., 2015).
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iv. Sierra de Guadarrama: an Excellent Laboratory for 
Mountain Meteorology and Climate Research
Guadarrama is located in the central part of the Central System of 
the  IP.  This  massif  is  located  around  400  km  away  from  the 
Atlantic coast on the North and West and also about 400 km to 
the  East  and  South  to  the  Mediteranean Sea.  IP  is  located  at 
midlatitudes in the Northern Hemisphere between 44ºN and 36ºN.
This  region  is  exposed  to  the  General  Circulation  of  the 
Atmosphere (GCA),  defined as the total  amount of  atmospheric 
motions  that  take  place  as  a  result  of  the  radiative  imbalance 
between  tropical  and  polar  regions.  Due  to  the  rotation  of  the 
Earth, 3 different circulations are then developed and, in the mid 
latitudes (where the IP is located) a thermally indirect cell appears, 
being determined by the presence of extratropical cyclones which 
appear to preserve the angular momentum of the rotating Earth. 
Thus, this mountain range, contrary to others located in polar and 
in tropical regions, is exposed to this kind of circulation, in which a 
variety different weather regimes can be operating. 
Guadarrama  mountain  range  runs  from  SW  to  NE  and  has 
considerable elevations like Pico de Peñalara: 2428 masl or Cabeza 
de Hierro Mayor: 2383 masl. An approximate mean elevation of the 
massif  would  be  of   around  1600  masl  and  it  settles  over  an 
extensive plateau with a mean elevation for the northern plateau of 
about  900  masl  and around  600  masl  for  the  southern  plateau. 
Following Hedberg (1964) definition of mountains, Guadarrama is 
like an “island” rising above the surrounding plains (Figure 1.2).
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The  presence  of  this  mountain  range  has  being  crucial  for  the 
development of the different civilizations that have settled down on 
its vicinities, in particular, Madrid, the capital of Spain (Martinez 
de Pisón, 2006). Thanks to the precipitation that falls as rain or 
snow at these mountains, fresh water is given to the tributaries of 
two of the main rivers of the IP, Tagus on the southern side and 
Douro on the northern side. 
This  mountain  range  also  hosts  a  great  biodiversity due to  the 
amount of  micro-climates found from the first hills to the highest 
summits. A set of circumstances has kept this area almost as it was 
centuries ago. First,  some areas where environmentally protected 
like the former Parque Natural de Peñalara or Parque Natural Alto 
Valle del Manzanares. Since 2013, this range has been included in 
A Comprehensive Assessment of Precipitation at Sierra de Guadarrama Through Observation and 
Modeling. Luis Durán Montejano, (2015) 
12
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the   Network  of  National  Parks  as  “Parque  Nacional  Sierra  de 
Guadarrama” (BOE, 2013).
This  mountainous  region  can  be  climatologically  defined  as  an 
Alpine  climate  immersed  into  a  Mediterranean  continentalized 
climate (García-Romero et al., 2010). Alpine climates are known to 
have significant amounts of solid precipitation, low temperatures 
with small diurnal temperature amplitude, accused large scale but 
also  synoptic  forcing due to the high altitude and strong winds 
locally  influenced  by  the  generalized  complex  orography.  This 
mountain  range  has  some  own  features  due  to  be  under  the 
continental  influence  of  the extensive  and surrounding Castillian 
plateau  which  causes  high  contrast  in  temperatures  between 
summer  and  winter  and  low  precipitation  during  summer.  This 
continental  behavior  is  in  some way  softened  by  the  remaining 
influence of the Atlantic Ocean and the Mediterranean Sea. These 
Mediterranean  and  semi-arid  mountain  environments  behave  as 
humidity islands (López-Moreno et al., 2008).
Precipitation in the center of the IP has been related to advection 
of moist air masses and storms coming from the Atlantic Ocean 
which are dried in their way from the North and West to the East 
and South, losing gradually their water content as they go through 
the orography zones (Font-Tullot,  1983). In spring, summer and 
fall,  convective  precipitation  due  to  thermal  instability  is  also 
responsible  for  some  precipitation,  but  it  is  very  scarce  and 
regionalized compared to total precipitation.
Although Guadarrama is located at a relatively long distance from 
the Atlantic Ocean, there is an oceanic influence related with the 
advection of humid air masses from this ocean (Muñoz-Díaz and 
Rodrigo, 2004). On the other hand, due to its altitude, this sierra is 
often under conditions of almost free atmosphere, a feature that 
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simplifies  relatively  some  of  its  phenomenology  since  many  soil 
processes are not dominant (Pepin and Seidel, 2005).
From a scientific point of view, this mountain range is a valuable 
natural  laboratory  that  has  been  kept  partly  undisturbed  and 
pristine through the centuries. This area is under a set of complex 
geological,  biological,  meteorological  and  climatic  processes  that 
have  conformed  what  it  is  at  present.  Understanding  all  these 
processes will help not only to understand the past, but also can 
help to understand the future. Answering to the open questions will 
not only help to understand Guadarrama but also to understand 
global phenomena.
Considering  this,  it  is  understandable  how  this  area  has  being 
subject of numerous scientific and multidisciplinary studies in the 
past. Just to cite some of them, there are works on:
• Geomorphology:  Palacios  and  Sánchez-Colomer  (1997), 
Palacios et al. (2003), Álvarez and Sierra (2011), Palacios et 
al. (2012).
• Limnology: Granados et al. (2006), Granados (2007), Toro 
et al. (2006), Granados (2011), Sanchez López et al. (2015).
• Ecology:  Baonza  and  Montouto,  (2001),  Wilson  et  al. 
(2005); García-Romero et al. (2010). 
• Zoology:  Juez  (2001),  Bosch and Martínez-Solano (2006), 
Bosch et al. (2007), Merrill et al. (2008), Ortiz-Santaliestra 
et al. (2011), Horcajada (2011), Pérez (2011).
• Botanics:  Schroeter  et  al.  (1999),  Montouto-González 
(2000),  Sanz-Elorza  et  al.  (2003),  Sancho  et  al.  (2007), 
Gómez-González et al. (2009), García-Romero et al. (2010), 
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Gutiérrez-Girón and Gavilán,  (2010),  Schwaiger and Bird 
(2010), Moreno (2011), García-Camacho et al. (2012), Mera 
et al. (2012), Amat et al. (2013), García-Fernández et al. 
(2013), Ruiz-Labourdette et al. (2013).
• Air pollution: Inclán et al. (2007, 2010, 2011). 
• Climate: Durán (2003), Palacios et al.(2003), Bosch et al. 
(2007),  Durán  (2007),  Durán  and  Sánchez  (2009),  Ruiz 
Zapata et al. (2009),  Granados (2011), Ruiz-Labourdette et 
al. (2013), Palacios et al., (2012), Génova (2012), Durán et 
al (2012a, 2012b), Durán et al. (2013), Durán et al. (2014), 
Durán et al (2015), Durán and Rodríguez-Muñoz (2015a), 
Durán and Rodríguez-Muñoz (2015b), Durán and Barstad 
(2015).
Many of these and future works need meteorological input data for 
feeding their models or for establishing reliable relationships. Any 
mountain  range  of  this  size  shows  a  high  spatial  variability  so 
specific  measurements  or  assessments  are  needed  on  the  area. 
Having reliable and long enough records of the main meteorological 
variables is always welcomed by the scientific community and other 
potential users like the industry, the administration or even general 
public. 
There  are  another  features  that  makes  this  range  an  excellent 
laboratory for environmental research. This area is relatively close 
to many research centers and institutions, most of them located in 
Madrid. For field work this is very valuable since it is a relatively 
close  area  in  terms  of  logistics  and  costs  associated  with 
deployment of  instrumentation and development of  measurement 
field  campaign  programs.  Another  added  value  is  the  always 
cooperative attitude from the institutions responsible of the area 
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under study. First from the Natural Park Cumbre Circo y Lagunas 
de  Peñalara,  and  now  from  the  National  Park  Sierra  de 
Guadarrama. This support has helped with resources, optimization 
of logistics, expertise advisement in terms of instruments security, 
samples  and  personal  safety.  Without  this  support,  the  work 
presented here would have not been possible.
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Areal view of Sierra de Guadarrama early morning August 16th of 2003. A Foehn  
formed  in  the  northern  side  of  the  range.  Valley  locals  call  this  event  “olla  
hirviendo”  since it reminds a boiling pot when looked from the ground.
1.3. State-of-the-art
The  observation,  measurement  and  numerical  description  of 
precipitation is a complex and challenging issue within many fields 
of atmospheric science research, due to its irregular nature in space 
and time,  and the diversity of  atmospheric  scales  and processes 
involved on its description. When the influence of the orography is 
included on the analysis of precipitation, the problem becomes even 
more complex.
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Many  rainfall  analysis  from  rain  gauges  measured  data  and 
observational  campaigns have been carried on in the past  years 
over the main mountainous regions in Western Europe: Frei and 
Schär  (1998),  or  Bougeault  et  al.  (2001)  over  the  Alps,  López-
Moreno et al. (2008) for the Pyrenees, Romero et al. (1999a, 1999b) 
over  Mediterranean  Spain.  The  studies  focused  over  the  IP 
concluded  that  precipitation  over  the  IP  presents  a  wide  and 
complex range of different features: from the Atlantic climate on 
the northern and north-west region, with annual  amounts up to 
2500 mm yr-1,  to the Mediterranean area on the east and south 
coast of the IP. At the south-east coast, there is even a region with 
semiarid conditions, with less than 100 mm yr-1. The inner part of 
the IP exhibits a remarkable pattern in terms of precipitation, as it 
is divided by the Central System mountain range. Both southern 
and  northern  plateaus  present  annual  precipitations  around  500 
mm, but mountains show more than 1000 mm (Font-Tullot, 1983). 
Some  studies  have  analyzed  precipitation  climatic  features  from 
different perspectives (Martin-Vide, 2004), showing the large spread 
on the regimes shown in the IP. 
Superimposed  to  these  climatic  features,  climate  variability 
determines the presence of anomalous years in which the rainfall 
behavior is separated from its climatological mean. In this sense, 
many  literature  has  been  produced  relating  the  anomalous 
precipitation  at  IP  with  large  scale  patterns  of  atmospheric 
variability.  Zorita  et  al.  (1992)  showed  how IP  precipitation  is 
connected with  a “high-index” of the North Atlantic Sea Level 
Pressure (MSLP), confirming that the dominant process responsible 
for the variability of rainfall over the IP was the intensity of the 
westerly winds and the frequency of storms embedded in this flow. 
The  North  Atlantic  Oscillation pattern  (NAO) ended to  be  the 
main  teleconnection  pattern  in  relation  with  precipitation 
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(Rodriguez-Puebla et al., 1998; Serrano et al., 1999; Goodess and 
Jones,  2002;  Rodriguez-Fonseca  and  Serrano,  2002;  Muñoz-Díaz 
and Rodrigo, 2004; Trigo et al., 2004; Gallego et al., 2005) showing 
seasonal and interannual dependency. Also climate variability and 
its relationship with fauna in the area has being documented (Bosh 
et al., 2007).
It has been shown by several authors (Zorita et al., 1992; Trigo and 
Palutikov, 2001; Rodríguez-Fonseca and Castro, 2002; Trigo et al., 
2004; Rodriguez-Fonseca et al., 2006) the strong influence of the 
Atlantic Ocean on Iberian climate, and specifically on precipitation 
on the central area of the IP. They indicate how humid air masses 
from the Atlantic are advected into the Peninsula and transported 
by  storms,  fronts  and  the  general  synoptic  western  circulation 
through this mountain range. 
Recent studies,  like the one conducted by Gimeno et al.  (2010) 
using a dynamic 3D back-tracking algorithm, have shown how the 
origin of the moist that precipitates at the IP in winter is in the 
tropical–subtropical North Atlantic corridor stretching between the 
Gulf of Mexico and the IP. The contribution of the surrounding 
Mediterranean Area in winter is negligible while turns important in 
summer.  This  work  makes  a  strong  emphasis  in  two  main 
mechanisms that force the moist air  to rise and precipitation to 
occur: moisture supply and instability due to large scale dynamics 
in winter, and moisture supply and convective instability due to 
thermodynamic  structure  and  soil  factors  in  summer.   But  not 
mention is made, since this is a not specific work on mountains, 
that there might be an extra leading phenomena that should be 
taken into account in a mountain region: orographic forcing. 
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Despite the numerous works available for other regions, there are 
not  works  dealing  specifically  with  relationships  between  the 
synoptic scale and Guadarrama.
One  way of  analyzing  such interaction  between scales  has  been 
historically performed through the analysis of weather regimes or 
circulation types  (Mo and Ghil,  1988;  Michelangeli  et  al.,  1995; 
Panziera et al., 2015). This methodology has been applied over the 
IP for different applications such as snowfall (Esteban et al., 2005), 
extreme  events  (Fernández-Montes  et  al.,  2013)  and  other 
climatological variables for specific seasons and areas (Corte-Real et 
al.,  1998;  Romero  et  al.,  1999;  Trigo  and  DaCamara,  2000; 
Rodríguez-Puebla et al., 2001; Santos et al., 2005; Paredes et al., 
2006; Ortíz-Beviá et al., 2011; García-Valero et al., 2012; Cortesi et 
al., 2013) and some of them analyze how these weather regimes are 
projected to change along the twenty-first century (Rojas et al., 
2013).  But  none  of  these  studies  have  ever  had  specifically 
Guadarrama as the region of interest.
At  the  same  time,  not  much  is  known  about  precipitation 
observations  in  Guadarrama.  There  are  several  scientific  works 
dealing  with  different  disciplines  directed  related  but  nothing 
specifically  done  about  temporal  and  spatial  variability  of 
precipitation on the area. Hydrological records and other studies 
point out how precipitation is much higher at higher lands, with 
isoyets  following  elevation  contour  lines  (Gavilán  et  al.,  1998; 
AEMET, 2011; Herrera et al., 2012). But the lack of long rain time 
series with enough spatial coverage have made difficult to keep a 
reliable assessment of rain fields with enough resolution. 
In fact,  most of those previous works on precipitation in the IP 
usually  do  not  include  observations  from  mountain  sites 
(Rodriguez-Puebla et al., 1998; Serrano et al., 1999; Andres et al., 
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2000;  Gonzalez-Rouco et al.,  2001;  Martin-Vide,  2004),  probably 
because  of  their  peculiar  behavior  and  the  lack  of  enough 
surrounding observations. 
Fernandez-Mills (2005), using principal component analysis (PCA) 
performed a regionalization of the Spanish precipitation data into 
ten  main  clusters.  Navacerrada  mountain  station  located  at 
Guadarrama was included, along with many other stations from all 
over  the  IP.  One of  the  clusters  found in the  analysis  was  the 
North-Western Coast of the Peninsula, which included surprisingly 
an isolated island in the middle of the plateau, right where this 
mountain station was located.  A similar  behavior was found by 
Beranova and Huth (2008) who identified five modes of variability 
in  winter  monthly  precipitation  using  stations  all  over  Europe. 
They used eleven stations in the IP, including Navacerrada station, 
which ended to be included in the central European cluster, very 
far away from the immediate Iberian stations which were included 
in the south-European cluster as expected.
Meteorological research has tended to focus on the upstream and 
downstream influences of barriers to flow and on orographic effects 
on weather systems (Smith, 1979) rather than on micro-climates 
within  the  mountain  environments  themselves.  Climatic  features 
relevant to mountain environments include microscale features of 
the atmosphere that are superimposed on larger scales of motion 
and the influence of elements of the surface, such as vegetation and 
geomorphologic features, which can create micro-climatic contrasts 
in surface heating, soil moisture, or snow-cover duration (Geiger, 
1965). 
Regarding observations in Spain, the main institution taking care 
of  standardized  WMO  (World  Meteorological  Organization) 
compliant  observations  is  the  Agencia  Estatal  de  Meteorología 
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(AEMET hereafter). This agency has several observation networks 
with different measuring strategies and objectives like the SYNOP, 
aeronautic,  automatic,  climatological networks and more recently 
the  mountain  climate  network  with  most  of  the  sites  at  the 
Pyrenees  and  Sierra  Nevada.  Fortunately,  AEMET  have  been 
running an observatory (Navacerrada,) at a location in the heart of 
Guadarrama,   since  1946.  It  is  located  at  1894  m  and  shows 
excellent records in terms of data completion, following acceptable 
measuring  standards  and  data  quality  procedures.  Apart  from 
Navacerrada  observatory  there  are  other  two  high  quality 
observatories  in  the  area  of  influence  of  Guadarrama:  Colmenar 
Viejo  observatory  operative  since  1978  and  Segovia  observatory 
operative since 1989.
For  hydrology,  limnology  and  many  other  applications,  point 
observations conducted at a limited number of sites might not be 
enough.  These  disciplines  often  need  to  integrate  spatially 
precipitation in a territory, basin or grid. How well an observation 
represents  the  whole  domain  of  integration  will  depend  on  the 
complexity of the precipitation spatial patterns, which are known 
to be high at mountains (Buytaert et al., 2006). 
Gridded precipitation databases are regularly spaced estimations of 
precipitation in a region that tried to solve the spatial variability of 
the  precipitation  fields.  There  are  several  of  these  available 
worldwide  which  are  widely  used  for  climate  models  validation, 
hydrology  impact  assessment,  ecology  studies  and  others.  Some 
widely used ones are CRU (New et al., 1999) with 0.5º resolution or 
E-OBS (Haylock et al., 2008) for Europe. Spain02 (Herrera et al., 
2012) with a 0.2º resolution covering the IP is another example 
with  higher  resolution  but  for  a  smaller  domain.  Most  of  these 
databases  are  based  on  observations  and  have  considerable 
uncertainty on mountainous areas as a consequence of  their  low 
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resolution and the lack of mountain observatories. There are some 
exceptions like is shown by Brugnara et al. (2012)  for the central 
part of the European Alps. 
An  usual  approach  when  dealing  with  spatial  interpolation  of 
rainfall  and  the  effects  of  complex  terrain  is  the  use  of  digital 
elevation models along with different statistical procedures, usually 
multivariate linear regression through different krigging approaches. 
The basic assumption here is  a linear relation with elevation of 
measured precipitation at the available rain gauge stations (Daly et 
al., 1994; Goovaerts, 2000; Kyriakydis et al., 2001; Marquinez et 
al., 2003; Guan et al., 2005). 
Normally, all these gridded databases have a too coarse resolution 
for giving a reliable picture of spatial precipitation variability on a 
mountain area. Another weakness of these approaches is that they 
are based on measurements, and normally, there are not enough 
mountain  observatories  in  the  area  capturing  the  real  spatial 
variability.  On  the  other  hand,  it  is  commonly  accepted  that 
precipitation  observations  underestimate  real  precipitation, 
specially in the case  of  snow,  so  extra corrections are necessary 
(Groisman and Legates, 1994; Sevruk, 1996; Goodison et al., 1989; 
Adam and Lettenmaier, 2003; Cheval et al., 2011).
In order to assess precipitation at mountain regions that do not 
have  enough  density  of  stations  with  long  records,  the  use  of 
physical  models  needs  to  explored.  A  combination  of  available 
measurements  and  physical  modeling  might   produce  a  more 
accurate assessment.
Nowadays  there  are  some  physical  modeling  tools  available  for 
simulating precipitation at a mesoscale level like MM5  (Grell et 
al., 1995; Zängl, 2007), RAMS (Pielke et al., 1992), MC2 (Benoit et 
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al., 1997), COAMPS (Hodur, 1997), WRF (Michalakes et al., 2001; 
Soares et al., 2012). These models are able, in principle, to simulate 
fairly well the complex phenomena that generate precipitation at 
mountains but are computationally expensive, especially when high 
spatial resolutions, and long time periods want to be simulated. 
On the other hand there are some numerical models that have been 
developed to deal with the physical description of how precipitation 
is  affected  by  the  existence  of  a  mountain  barrier  (Barros  and 
Lettenmaieret,  1993;  Smith,  2003;  Kunz  and  Kottmeier,  2006). 
Their  idea  is  to  answer,  from a  physical  point  of  view,  to  the 
question of how the mountains interact with the air flow extracting 
its  humidity  in  form  of  precipitation.  These  orographic 
precipitation models give more realistic results over very complex 
terrain focusing on small  domains but do not take into account 
other phenomena difficult to study like convection. This reduction 
on the physics presents two important advantages: they are easy to 
understand and it is possible to make many simulations at very 
high resolution with a reasonable computational cost.
Linear  Model  of  Orographic  Precipitation  (LMOP  hereafter)  is 
based in the linear, steady-state theory of orographic precipitation 
proposed by Smith and Barstad in 2004 (Smith and Barstad, 2004; 
Barstad and Smith 2005; Smith et al., 2005;  Smith, 2006). This 
model  has  shown  to  perform  fairly  well  at  other  mountainous 
regions of the world with high orographic complexity like Andes, 
Norwegian  Alps  or  Icelandic  mountains   (Smith  et  al.,  2005; 
Barstad et al., 2007; Crochet et al., 2007; Smith and Evans 2007).
However,  previous  LMOP experiments  have  been  conducted  at 
coastal areas with oceanic climates. Never before mountain range 
located in the middle of the IP, between two extensive plateaus and 
immersed into a Continentalized Mediterranean climate has been 
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subject  of  such  kind  of  modeling.  It  seems  to  be  necessary  to 
perform a  study  that  validates  the  usefulnesses  of  this  tool  for 
assessing precipitation at Guadarrama and check if  it is  able to 
simulate  correctly  the  precipitation  amplitudes  at  a  selected 
number of observatories, but also to simulate correctly the summer 
drought and the high inter-annual  variability.  Only after this is 
confirmed, it can be used to assess precipitation at Guadarrrama 
and  obtain  high  resolution  daily  gridded  databases  with  some 
hundred of meters of horizontal resolution.
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Chapter 2. Hypothesis and 
objectives
As it has been pointed out, researching at mountains implies many 
intrinsic difficulties.  In order to reach reasonable objectives it is 
necessary to establish certain working hypothesis that will reduce 
the degrees of freedom of the problem under study.
Taking into account the multidisciplinary approach followed at this 
work, the next hypothesis and objectives belong to different areas 
of meteorology: instrumental, statistical and modeling.
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2.1 Hypothesis
1. From a observational point of view, the best way of dealing 
with the high spatial variability of meteorological fields at 
mountains  is  to  design  a  high  density  meteorological 
network based on automatic methods. 
2. Massif of Peñalara, and its area of influence, is an excellent 
area  for  experimenting  the  operational  and  metrological 
difficulties  of  conducting  automatic  meteorological 
observations in an alpine area.
3. Observations  made  at  Navacerrada  observatory  are 
representative  of  the  higher  elevations  of  Guadarrama. 
Observations  made  at  Segovia  and  Colmenar  Viejo  are 
representative of the transition area between the northern 
and southern plateau and this mountain range.
4. Total precipitation observed at Guadarrama is the sum of 
the  following  contributions:  large-scale  precipitation, 
thermally  driven  convective  precipitation  and  orographic 
precipitation.
5. A model that is able to reproduce precipitation amplitude 
at different temporal scales, the summer drought and the 
interannual  variability  at  Navacerrada,  Segovia  and 
Colmenar Viejo, is then valid for assessing precipitation at 
the whole domain of Guadarrama.
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2.2 Objectives
The objectives of this work could be grouped into four categories. 
Objectives  related  with  meteorological  observation  techniques  at 
mountains,  climatological  analysis  of  historical  precipitation 
observations,  relationships  between  synoptic  scale  and  local 
precipitation  and  modeling  and  assessing  precipitation  at 
Guadarrama.
1. To  define  a  methodology  for  conducting  meteorological 
observations  at  mountains  that  will  serve  as  a  first 
evaluation  of  climate  at  Guadarrama  using  in-situ 
measurements.
2. To have a climatology of precipitation at Guadarrama using 
historical  observations  available  on  the  area  in  terms  of 
annual cycle, interannual variability and spatial differences 
within Guadarrama.
3. To progress on the understanding of the influence of the 
synoptic  scale  flows  of  humidity  and  precipitation  at 
Guadarrama. 
4. To understand  the  contribution  of  the  different  types  of 
precipitation attending to their phenomenology: large scale, 
convective and orographic.
5. To progress  on  the  understanding  the  role  of  orographic 
precipitation at Guadarrama and the interaction between 
orography and precipitation.
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6. To  analyze  the  performance  of  a  Linear  Orographic 
Precipitation Model at Guadarrama and the feasibility to 
build  a  high  resolution  grid  data  base  on  its  results. 
Evaluate the possibility that this data base, along with the 
in-situ  observations,  will  serve  to  have  a  comprehensive 
assessment of precipitation at Guadarrama.
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Chapter 3. Method and Data 
The next sections show the different methods applied for achieving 
the objectives expresses in Sec. 2.2. These methods correspond to 
the four  different phases followed in this work, which are:
• Design  and  Operation  of  a  Mountain  Meteorological 
Network (Sec. 3.1).
• Analysis  of  Long  Time  Series  of  Observed  Precipitation 
(Sec. 3.2).
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• Analysis of the Relationships Between Synoptic Flows and 
Precipitation (Sec. 3.3).
• High  Resolution  Physical  modeling  and  Assessessment  of 
Precipitation (Sec 3.4). 
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3.1 Design and Operation of a 
Mountain Meteorological Network2
Peñalara Massif is located in Sierra de Guadarrama, which is part 
of  the  Iberian  Central  System  (Pedraza  et  al.,  2004).  This 
mountain range lies over two extensive plateaus in the center part 
2 This section follows closely the publication: Durán, L. and Rodríguez-
Muñoz, I.  (2015b). “Automatic Monitoring of  Weather and Climate at 
Mountain Areas. The Case of Peñalara Meteorological Network  1999-2014 
” Submitted.
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of  the  Iberian  Peninsula  and  shows  excellent  conditions  for 
conducting  weather  and  climate  observations.  It  has  been  kept 
unaltered for centuries, even though it is relatively close to the city 
of Madrid. This area shows some particular conditions due to its 
complex  orography  and  a  strategic  location  that  exposes  the 
mountain to the advection of the humid air masses coming from 
the Atlantic (Durán et al., 2014). This range has an Alpine climate 
immersed in a Continentalized Mediterranean climate. This means 
temperature and precipitation mean values are comparable to other 
mountain  areas  in  southern  Europe,  but  with  a  strong  summer 
drought and high inter-annual variability (Durán et al., 2013).
In the last years, this area has been subject of numerous scientific 
and  multidisciplinary  studies.  This  increasing  scientific  interest 
during the last decade made necessary to have local meteorological 
observations  of  scientific  quality  in  order  to  be  used  by  the 
scientific community working on the area. The first step was taken 
in 1998 with the installation of  one of  the  first  fully automatic 
meteorological stations above the 2000 masl of scientific quality and 
with a long term horizon in the Iberian Peninsula. Since then, other 
four  automatic  meteorological  stations  have been installed along 
with  other  measurement  points  and  becoming  a  fully  operative 
mountain  meteorological  network  (the  Red  Meteorológica  del 
Parque Natural de Peñalara, RMPNP hereafter).
The next sections outlines some concepts taken into account during 
its design, installation and operation. Some results and discussions 
about the representativeness of the data is also included. Technical 
and operational procedures that are described can be helpful to the 
mountain meteorology observing community and future mountain 
networks (Rath, 2012; Rath et al., 2014; Santolaria-Canales et al., 
2015).  This  works pretends also  to be a reference  document for 
future users of the RMPNP data users.
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Since 1998 the number of observatories in the area has increased in 
order to take into account the complexity of the area and the new 
resources  available.  The  process  has  been  sequential  following  a 
measuring strategy, in terms of siting criteria of new sites at macro 
and  micro  scale  levels.  Nowadays,  the  network  consist  of  5 
automatic  weather  stations,  one  manual  observatory  and  some 
fixed sites for ancillary measurements and prototype testing (Figure 
3.1).
3.1.1 Measuring Objective
The objective  of  a  meteorological  network  determines its  design 
and  configuration.  Depending on the potential  use of the data, 
different network designs are possible (Frei et al., 2003). For this 
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Figure 3.1: (a) Location of the Peñalara Natural Park Meteorological Network in 
Sierra de Guadarrama. (b) Location of the automatic monitoring stations.
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network,  the  main  objective  was  to  obtain  representative 
meteorological data at the Park of Peñalara and upper valley of 
Lozoya for scientific applications.
The representativeness of an observation is the degree to which it 
accurately describes the value of the variable needed for a specific 
purpose (WMO, 2008). Thus it depends on the measuring objective 
and  also  on  other  factors  like  the  measuring  technique, 
instrumentation  used  (quality  of  the  sensors,  calibration 
procedures, long term drift, configuration), measurement interval, 
exposure (sitting criteria),  and even maintenance protocols (data 
handling, collection intervals, post-processing and storage).
3.1.2 Specific Difficulties to Overcome at Mountains
All of the technical and human issues that affect the performance 
of  a  meteorological  network  can  be  applied  also  at  mountain 
networks  (WMO,  2008).  Nevertheless,  the  following  specific 
difficulties  to  overcome  at  a  mountain  environment  have  been 
identified:
i) Remoteness.  This  is  one  of  the  most  added  values  of 
mountains from a meteorological and climatological point of 
view, but for an automatic  meteorological network, it is the 
main  source  of  errors.  Difficulties  start  during  the 
installation  process,  since  it  complicates  logistics  and 
reduces  the  options  of  materials  and  structures  to  be 
potentially used. It also affects negatively the frequency of 
the maintenance procedures and increases the vulnerability 
of  the  instruments  to  animals  or  vandalism acts.  It  also 
reduces  the  telecommunication  options,  something  that 
turns crucial for these kind of unattended networks. Remote 
sites usually do not have power available for powering the 
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electronic systems or for heating the sensors.  Remoteness 
has the highest impact on the final cost of these kind of 
networks.
ii) Extreme environmental  conditions.  Low temperatures last 
for many days at these areas. This seriously compromises 
the  correct  functioning  of  powering  systems.  Scientific 
quality  electronics  are  able  to  handle  these  low 
temperatures, but batteries drop their efficiency drastically 
at  low  temperatures.  A  power  loss  affects  directly 
completeness of data. Persistent low clouds or fog is also 
more frequent that at lower altitudes, so the solar power 
resource is also lower. Frequent saturating conditions also 
affect  temperature  measurements  when  drops  form  over 
sensors   evaporate.  Most  of  the  conventional  sensors  are 
designed and calibrated for  regular  ambient temperatures 
and  accuracy  decreases  when  reaching  their  limits  of 
operation   which  might  be  normal  at  mountains.  In 
summer, solar radiation is very high, specially short wave 
radiation,  accelerating  the  degradation  of  plastics  and 
paints.  This  combined  with  rain  and  snow  accelerates 
corrosion of  structures.  In winter high radiation during a 
sunny  day  with  snow  covering  the  ground,  can  affect 
temperature  measurements,  due  to  reflection  when  using 
regular solar radiation shields,  and giving higher readings 
than real. Snow and rime are also a special issue since the 
first can affect the readings after deposing over sensors like 
pyrometers,  temperature  radiation  shields,  typing  bucket 
rain gauges and solar panels. Rime icing has a devastating 
effect on mountain meteorological networks. It forms when 
supercooled  water  drops  transported  by  the  wind  make 
contact with an obstacle and freeze immediately. Data from 
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a sensor covered with rime is useless and sometimes it is 
hard to find a method to detect when rime starts and ends 
to  affect  the  measurements.  Rime  is  also  responsible,  in 
combination  with  high  wind,  of  tearing  down  towers, 
breaking supporting cables and sensors. Other factors that 
are  specially  enhanced  at  mountains  and  also  affect 
reliability are strong winds and lightning.
iii) Micro-climate.  Orography  causes  that  a  great  variety  of 
micro climates can be found in a small area of a mountain. 
This  makes  mountains  very  valuable  but  has  a  direct 
impact on representativeness. At mountains it is difficult to 
find a location that is not too influenced by local conditions 
or perturbed by obstacles, projected shades, stagnation, cold 
pools,  and other  local  effects.  Thus,  a  mountain weather 
station  is  usually   representative  of  a  very  small  area 
compared with  stations  at  lower  lands  and for  a  correct 
assessment, a higher density of stations is necessary.
iv) Security  and  Environment.  Mountains  can  be  very 
dangerous and maintenance personnel need to increase their 
security  protocols,  specially  in  winter.  Also,  greater 
precautions  need  to  be  taken  in  order  to  minimize  the 
environmental  impact  of  towers,  sensors  and  equipment. 
This  is  specially  important  for  highly  environmentally 
protected areas like Peñalara.
3.1.3 Measuring Strategy 
Once established the measuring objective, considered the difficulties 
of  conducting observations at mountains and with the resources 
available, the following measuring strategy was defined:
A Comprehensive Assessment of Precipitation at Sierra de Guadarrama Through Observation and 
Modeling. Luis Durán Montejano, (2015) 
40
Chapter 3. Method and Data 
i) Measuring  Technique.  Automatic  measurements  are  the 
base of this network. Additional manual measurements for 
calibration   and data quality control  are  performed at  a 
small number of sites.
ii) Density  of  stations.  Considering  the  size  and  orographic 
complexity of the area, five sites are considered enough to 
cover  the  elevation  range  going  from 1102  masl  to  2079 
masl.  Since  highest  point  of  the  area  is  2414  masl,  this 
makes an average of one site per 260 m of altitude. Density 
of stations is higher at higher altitudes. 
iii) Sitting  criteria.  Recommendations  from  the  World 
Meteorological Organization (WMO, 2008) will be followed 
when possible. Additional criteria applied are: the site needs 
to be representative of a broader area of similar elevation, 
environmental  impact  will  have  to  be  minimized  during 
installation and operation;  the site needs to  be relatively 
accessible most of the year in save conditions for personnel. 
And  good signal  coverage  from public  telecommunication 
networks is desirable.
3.1.4 Quality Assurance and Quality Control
Quality assurance and control (QA/QC) of meteorological networks 
deserves even more resources and attention than installation itself 
(Shafer et al., 2000). The lack of a clear, continuous and realistic 
QA/QC program is probably the main reason for the frequent data 
gaps  found  in  mountain  networks  data  series.  Even  the  best 
infrastructures,  sensors and powering systems will  not last much 
without  a  proper  QA/QC  program.  There  is  an  extended  and 
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wrong thought that automatic networks are fully automatic, and 
consequently, not enough human resources are normally planned.
Quality of data does not only depend on quality of sensors. It also 
depends  on  the  quality  of  every  aspect  that  intervenes  in  the 
measuring chain (Brock and Richardson, 2001). This chain starts at 
the installation, it continues during the maintenance and finishes 
with the data management, storage and reporting. Considering only 
the measurement process, the accuracy of a measurement depends 
on a sum of factors that accumulate one after the other. The first 
one is the sensor itself, which needs to  have a valid calibration. 
Another  common  source  of  errors  at  mountains  is  a  wrong 
exposure,  difficult  to guarantee that the sensor  will  be correctly 
exposed to the measurand all  over the year,  specially in winter. 
Distance  to  ground  changes  due  to  snow height,  structures  can 
project rain shadows. Wind can also affect rain catchment due to 
aerodynamic effects (underestimation) or turbulence can hurry the 
tipping bucket process (overestimating). Snow can settle on top of 
pyrometers and collapse non heated rain gauges. Snow can melt 
afterwards and give spurious precipitation under clear sky. These 
errors could be acceptable if they were random like, but they are 
weather dependent and can lead to wrong climatic conclusions if 
this bias is not corrected.
The quality assurance program has evolved through the years of 
operation  of  this  network  since  there  has  been  a  progressive 
building of knowhow. During the first years of operation most of 
the  resources  available  were  invested  in  the  installation  and 
instrumental consolidation of the network. In the last years, once 
the number of sites reached the optimum number, a higher effort 
was given to define and apply the following QA/QC program:
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i) Preventive maintenance. Consisting of regular visits to the 
sites before any problem is detected. The expected frequency of this 
visits  has  been  between  one  to  two  months,  depending  on  the 
weather  conditions.  Works  done  include:  cleaning  panels  and 
sensors,  structures  checking,  parallel  measurement  for  checks  of 
performance  and  extension  of  calibration  times  given  by 
manufacturer. On site rain gauge calibration once a year using a 
rain gauge calibrator. Electrical and telecommunications checks are 
also performed. All these tasks are recorded in a control chart.
ii) Corrective maintenance. Reparation of a malfunctioning part of 
the automatic station. Sometimes it requires a previous visit for 
diagnostic  and evaluation  of  damages.  The  correction  should  be 
made as soon as possible in order to minimize data loss,  but it 
depends on availability of spare parts and weather conditions.
iii) Data validation. This is the process that decides whether or 
not an observation is valid and becomes part of the variable time 
series (Salvati and Brambilla, 2008). This process is done following 
a two phase protocol. A first level validation is done almost at real-
time in order to detect outliers and clear malfunctions. The purpose 
of this phase is to trigger alarms for maintenance and to filter data 
that  will  be  reported  online  to  general  public  in  graph form or 
special users.  Climatological site specific thresholds are used and 
internal  consistency  checks  are  made.  A second level  validation 
process is performed once a year and can be repeated indefinitely 
when more information or knowhow is increased. Spatial coherence 
checks  using  information  from neighbor  stations  and  data  from 
other  networks  or  reanalysis  are  made.  After  this  phase  is 
concluded, data is individually tagged with the following codes: V: 
valid data, D: not valid data, C: corrected data and T: temporal 
not validated data. Once validated, data is ready for exchanging 
with scientists and other users of the data.
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iv)  Storage  and Reporting. As  long  as  the  volume  of  data 
increases  with  new  data  and  new  sites,  the  storage  technology 
becomes more important. This has been evolving from individual 
ASCII  files  to  spreadsheets  to  finally  a  PostgreSQL  (Momjian, 
2001;  PostgreSQL  Global  Development  Group,  1996-2014)  data 
base  with a PHP (Achour  et  al.,  2006)  graphical  user  interface 
accessible remotely through the web for data storage,  validation 
and reporting to users, general public and organizations. Validation 
and graphics routines are programed with Python (Van Rossum 
and Drake,  1995).  Last  evolutions of  this  software  is  relying to 
Python most of the work along with newer versions of PosgreSQL 
(Figure 3.2).
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Figure 3.2.Flow chart of RMPNP data management and QA/QC system
Chapter 3. Method and Data 
A Comprehensive Assessment of Precipitation at Sierra de Guadarrama Through Observation and 
Modeling. Luis Durán Montejano, (2015) 
46
Chapter 3. Method and Data 
Different cloud layers developed over Sierra de la Morcuera as seen from 
Los Cascajales, Rascafría.
3.2 Analysis of the Historical Records 
of Observed Precipitation 
3.2.1 Observed Precipitation Data
In order  to  conduct  a  climatological  analysis  of  precipitation at 
Guadarrama  a  data  set  of  good   quality  and  some  decades  is 
necessary.  There  are  some  automatic  networks  data  sets,  like 
Peñalara Natural Park Network and others like those belonging to 
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water confederations at both sides of Guadarrama, but these are 
too recent or use automatic tipping bucket techniques. Conducting 
meteorological  measurements  at  mountains  implies  many 
difficulties, specially for observing precipitation (see Sec. 1.2; Sec. 
4.1;  Duran,  2003;  Lo et al.,  2011;  Durán and Rodríguez-Muñoz, 
2015b). 
Fortunately,  the  Spanish  Meteorological  Agency (AEMET) have 
been running the mountain observatory Puerto de Navacerrada (N 
hereafter) located in the heart of Sierra de Guadarrama since 1946 
(Figure  3.3.a  and  Figure  3.3.b).  During  this  period,  manual 
observations  of  the  main  meteorological  variables  have  been 
collected  by  the  Agency  staff  following  World  Meteorological 
Organization (WMO) standards every 6 h. There are some other 
observatories  with  historical  records  and  good  measurement 
practises  in  Madrid  (since  1920,  M hereafter),  Colmenar  Viejo 
(since  1978,  C hereafter),  Segovia  (since  1989,  S hereafter)  and 
Avila  (since  1985,  A hereafter).  Only  N  observatory  can  be 
considered a mountain observatory.  C and  S are located at  the 
southern and northern side of the mountain range, and A and M 
are located at the northern and southern plateau, at a considerable 
distance.  Geographical  location  of  the  observatories  is  shown in 
Figure 3.3.b. 
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3.2.2 ERA-Interim Reanalysis Data
In order to describe and analyze the synoptic conditions and their 
relationship  with  precipitation  at  the  three  sites,  the  ECMWF 
ERAinterim reanalisys has been used (Uppala et al.,  2008). The 
same  time  period  as  for  the  stations  is  chosen,  with  a  1.5º 
horizontal  resolution.  Surface  variables  used  are:  2  meters  air 
temperature and sea level pressure; and 23 atmospheric levels from 
surface up to 200 hPa: U and V components of wind, geopotential 
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Figure  3.3.  Elevations of  Iberian Peninsula  (a)  and Central  System (b)  with locations  of  rain 
observatories used in this study: Madrid (M), Colmenar Viejo (C), Navacerrada (N), Segovia (S) 
and Avila (A). An approximate cross section from a trajectory south to north passing close to 
observatories is also shown (c).
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height, specific humidity. The domain of study for the reanalysis is 
taken  from  48ºN  to  33ºN  in  latitude  and  15ºW  to  1.5ºE  in 
longitude.
3.2.3 Method
The  method  used  for  building  this  basic  information  about 
Guadarrama precipitation climatology was:
i. Analysis of the Time Series. 
Very often long term time series suffer from changes in position, 
measuring method or change in the micro-environment (Giovannini 
et  al.,  2011).  For this  reason,  as  a  first  step,  an Alexandersson 
homogeneity test (Alexandersson, 1986) has been performed using 
Madrid  Retiro  (AEMET)  observatory  as  the  reference  station 
concluding  that  the  observations  at  the  three  observatories  are 
fairly homogeneous. Then, the mean, median, standard deviation, 
maximum, minimum for the whole year and for winter (December, 
January,  February;  DJF  hereafter),  spring  (March,  April,  May; 
MAM hereafter), summer (June, July, August; JJA hereafter) and 
fall (September, October, November; SON hereafter) was calculated 
for the period 1989-2010. Also precipitation anomalies, related to 
the  annual  climatology,  at  each  of  the  three  observatories  was 
calculated  in  order  to  extract  conclusions  about  inter-annual 
variability.  The  mean altitudinal  precipitation  gradient  for  both 
sides and for every month was calculated using two observatories 
for  each  side  of  Guadarrama  and  sharing  N at  the  top.  A 
comparison  two-by-two  of  the  three  stations  was  performed  in 
order  to  check  if  populations  behave  statistically  different;  and 
finally, the frequency of eight spatial patterns have defined going 
from  very  spatially  extended  patterns  with  precipitation  at  the 
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three sites to very local precipitation events with precipitation at 
only one site. 
ii.  Analysis  of  the  Relationship  Between  Precipitation 
and humid air masses reaching Guadarrama. 
Advection  of  humid  air  masses  over  Guadarrama  was  done 
analyzing  the  flux  of  total  column  of  water  vapor  flux  in  the 
atmosphere  (TCWVF hereafter)  following Rasmuson (1968).  For 
this calculation, specific humidity (q) and wind velocity (u and v) 
was integrated from surface to 200 hPa levels using Equation 3.1, 
3.2 and 3.3.
(3.1)
(3.2)
(3.3)
Where  ps is surface pressure and  pu is 200 hPa, thus  Q is total 
column of water vapor flux at each grid. 
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Then,  the  Pearson  linear  correlation  coefficients  between  the 
monthly precipitation anomalies,  at  the  three  observatories,  and 
monthly  TCWVF anomalies  for  each grid point  was  calculated. 
This was performed in order to analyze the relationships between 
moisture  advection  and  precipitation  at   Guadarrama.  Not 
significant correlations are neglected after applying a t-student test 
with 95% confidence level. The anomalies are computed subtracting 
to the monthly value at each particular year,  the climatological 
monthly mean, dividing the result by the climatological standard 
deviation (These are known as standardized anomalies). 
iii. Average Conditions of the Air Masses that Lead to 
Precipitation at Guadarrama. 
The following variables are analyzed upwind the mountain range: 
TCWVF, surface temperature, relative humidity at 950 hPa and 
wind speed and wind direction sector. The level of 950 hPa has 
been chosen since it is the average pressure level of the plateau. 
Box  plot  diagrams  are  a  common  tool  for  detecting  different 
populations in a sample using null  hypothesis contrast from the 
median  and  the  interquartile  values  since  both  parameters  are 
robust towards the presence of outliers. Two groups of data have 
been considered per site and season: wet (W) and dry (D). Then, 
the  extremes,  the  upper  and  lower  hinges  (quartiles),  and  the 
median have been calculated and used for the box plot. On each 
box, the central mark is the median, the edges of the box are the 
25th (q1) and 75th (q3) percentiles, the whiskers extend to the most 
extreme  data  points  not  considered  outliers,  and  outliers  are 
plotted individually. Points are drawn as outliers if they are larger 
than q3 + 1.5(q3 – q1) or smaller than q1 – 1.5(q3 – q1). The value of 
1.5  corresponds  to approximately + 2.7σ (being  σ the standard 
deviation)  and  99.3%  data  coverage  if  the  data  are  normally 
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distributed.  The  plotted  whisker  extends  to  the  adjacent  value, 
which is the most extreme data value that is not an outlier. The 
two  medians,  corresponding  wet  and  dry  day  populations,  are 
considered significantly different at the 5% significance level if their 
intervals, defined by the notches, do not overlap. In that case, true 
medians  do  differ  with  95%  confidence.  Applying  the  notches 
comparison graphically is like applying a t test with the upper and 
lower  limits  that  fulfill  the  frequency  distribution  for  the 
significance level (Mc Gill et al., 1978). 
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3.3 Analysis of the Relationships 
Between Synoptic Flows and 
Precipitation
3.3.1 Observed Precipitation Data
Again observatories  S,  N and  C from AEMET are used for this 
analysis (Figure 3.3.b). This data set is very valuable thanks to its 
homogeneity and long records, and it has been shown to be very 
suitable for characterizing the climatology of precipitation at this 
mountain range and its vicinities (see Durán et al., 2013 for more 
details). The period from 1989 to 2011 has been chosen in order to 
maximize overlapping with ERA-Interim reanalysis fields (Uppala 
et  al.,  2008)  and  simultaneous  data  availability  at  the  three 
observatories.
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Local saying: “Cuando Peñalara se enoja, Rascafría se moja”.
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3.3.2 ERA-Interim Reanalysis Data
Here,  the ECMWF ERA-Interim reanalysis  for the period 1989-
2011,  with a 1.5º horizontal resolution is chosen,  and zonal  and 
meridional  components  of  wind  and  specific  humidity  at  23 
atmospheric levels (from surface up to 200 hPa) have been used. 
Also geopotential height of 850 hPa and mean sea level pressure 
have been used.
To account for synoptic scale air masses flows, TCWVF Patterns 
have been calculated (WVFP hereafter) for a small domain going 
from  48ºN  to  33ºN  in  latitude  and  from  15ºW  to  1.5ºE  in 
longitude. This domain covers the whole IP, and the surrounding 
oceanic areas. This relatively small area is chosen due to the high 
spatial variability of water vapor fluxes when precipitation occurs. 
On the other hand, in order to have some indications about the 
synoptic configuration that is  originating the water vapor fluxes 
and  their  sources,  composite  maps  of  Mean  Sea  Level  Pressure 
(MSLP) and 500 hPa geopotential height anomalies (Z500) have 
been calculated for a much larger domain, going from 20ºN to 80ºN 
in latitude and 60ºW to 20ºE in longitude.
The methodology of the study is as follows: first, the total column 
water vapor flux advected over the IP is calculated from ERA-
Interim reanalysis  in  a  very  constrained domain  and for  winter 
(DJF), spring (MAM), summer (JJA) and fall (SON). Second, a 
principal  component  analysis  of  the  TCWVF  anomalies  is 
performed  in  order  to  build  a  subspace  of  empirical  orthogonal 
functions  (EOFs)  that  will  be  used  for  applying  a  k-means 
clustering and a cost function that uses local precipitation in order 
to  determine  a  set  of  WVFPs  for  every  season.  Anomalies  are 
calculated from climatology, in a way that the mean of seasonal 
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mean along the period of study is subtracted to the seasonal mean 
of each particular year.  These patterns are supposed to summarize 
the  main  forcings  of  orographic  precipitation  at   Sierra  de 
Guadarrama  and  became  valuable  scenarios  for  further  high 
resolution modeling that will help to understand the precipitation 
phenomenology at this area. Finally a composite map of MSLP and 
500hPa  height  geopotential  anomalies  with  broader  domain  are 
calculated for each WVFP in order to have some indications about 
the synoptic weather pattern associated with it. Then, an analysis 
in  terms  of  frequency,  persistence,  contribution  to  total 
precipitation,  precipitation  intensity  and  probability  of 
precipitation  for  each  WVFP  is  calculated.  Finally  an  analysis 
about transitions between WVFP is performed. This methodology 
is  similar  to  other  previous works  over  IP (Santos et  al.,  2005; 
Garcia-Valero,  2012)  but  there  are  some  significant  differences: 
TCWVF is used instead of geopotential height as predictor field; all 
seasons are included in the analysis; a slight variation of the cost 
function  is  made  averaging  for  all  the  sites  and  precipitation 
observations at Guadarrama.
3.3.3 Total Column Water Vapor Flux Anomalies 
Calculation
The  transport  of  moist  air  masses  can  be  studied  through  the 
integrated flux of water vapor in the lower layers of the atmosphere 
(Rasmuson,  1968).  Relating  this  transport  with  precipitation  is 
very useful since it takes into account both the water vapor content 
of  the  air  and  its  velocity.  Both  aspects  are  necessary  when 
orographic precipitation is  expected.  Here,  specific  humidity and 
wind velocity, integrated from surface to 200 hPa level have been 
used to calculate the TCWVF following Eq. (3.1), Eq. (3.2) and 
Eq. (3.3).
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TCWVF daily anomalies have been calculated as the deviations of 
the daily value from its seasonal climatological value (calculated for 
the 1989-2011 period). These have shown to be strongly correlated 
with precipitation anomalies in this region (Durán et al., 2013), so 
they have been computed for every day and for the whole domain. 
Days have been assigned to their corresponding season following: 
winter (DJF), spring (MAM), summer (JJA) and fall (SON).
3.3.4 Principal Components Analysis
For every season, the Empirical Orthogonal Functions (EOFs) of 
the daily TCWVF anomaly are calculated in Durán et al. (2014). 
EOF  (von  Storch  and  Zwiers,  2001)  is  a  discriminant  analysis 
methodology  used  to  determine  the  principal  directions  of 
variability followed by a particular variable. This methodology, also 
named as Principal  Component Analysis (PCA) diagonalizes the 
covariance matrix of a variable. The eigenvectors (EOFs) are the 
spatial  maps  in  which  the  variability  is  comprissed   explaining 
more variance; and the principal components (PCs) are the weights 
of these maps along the time period of analysis.
Thus, the problem to be solved is to find an ortonormal base in a 
new vectorial space  M1,...,mm }e{ =

, in a way that each vector me

 
is a linear combination of the vectors  {f→ny}n y=1,.. .N ,  being M<N 
(Figure 3.4). Thus, the new set of vectors {⃗e1 , e⃗2 , . . ., e⃗M } , called 
EOFs,  can  be  used  to  represent  the  original  set  of  vectors 
{⃗f 1 , f⃗ 2 , ..  , f⃗ N} . Consequently, the value of  Y in a  ny point and 
for the time nt is given by:
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(3.4)
   
being  eny,j the  ny-component  of  vector  ej and  Pj(nt) the 
corresponding principal component. In this way, the field Y can be 
expressed as a linear combination of the M-modes selected.
In this case the EOFs of TCWVF are calculated diagonalizing the 
covariance matrix of the daily TCWVF anomalies. The resultant 
elements of the diagonal matrix (or eigenvalues) are weighted to 
obtain the fractions of variance given by each of the PCs. The PC, 
EOF  and  the  corresponding  percentage  of  explained  variance 
represent a mode, being the leading mode the group of EOF and 
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Y ny ( t )= ∑
j=1, M
P j (nt )eny , j
Figure  3.4.  Scheme  of  Principal  Component  Analysis. 
The original base is fi and the new base is formed by the 
EOFs or vectors ei. From Peixoto and Oort (1992)
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PC associated with the higher eigenvalue (von Storch and Zwiers, 
2002; Wilks, 2011). 
In this work, the number of modes is chosen following the criteria 
established by North et al. (1982). These modes build up a new 
orthogonal  base  in  which  the  data  is  oriented  explaining  a 
percentage of variance given by the sum of the fraction of variances 
of the selected modes. The projection of each of the EOFs onto the 
original  TCWVF data gives  a  time series  in  which each of  the 
scores  indicates  the  weight  of  each  EOF  in  each  of  the  days 
analyzed.
3.3.5 K-means Clustering
The  selected  principal  components  (PCs)  are  used  as  input 
variables for the clustering analysis using the k-means two-phase 
iterative algorithm (Hartigan and Wong, 1979). This methodology 
has been widely used for weather typing, and very often in relation 
with  precipitation  (Michelangeli  et  al.,  1995;  Corte  Real  et  al., 
1998; Corte Real et al., 1999; Cassou et al., 2004; Santos et al., 
2005; Moron et al., 2008; Polo et al., 2011). Days are disposed in a 
N dimension space, where N is the number of PCs. First, a random 
selection of k centroids is made, reassigning days to their nearest 
cluster centroid and recalculating the new resultant centroid. In the 
second  phase,  days  are  individually  reassigned,  if  this  new 
assignation reduces the sum of distances, then cluster centroids are 
recomputed  after  each  reassignment.  This  second  phase  will 
converge to a local minimum, although there may be other local 
minimum with lower total sum of distances. In order to solve this 
problem  and  find  the  global  minimum,  15  runs  with  random 
starting points have been made.
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An always-interesting point when using k-means clustering is the 
selection  of  optimum number  of  clusters.  Since  any  grouping  is 
valid because they are all very close in the PCs space, a criterion is 
needed in  order  to  find an optimum number of  centroids  small 
enough  to  comply  the  simplification  objective.  There  are  some 
methodologies that relay only on the value of the PCs (Riddle et 
al., 2012). For this case, an information criterion formula, or cost 
function, based on observed precipitation is used Eq. (3.5).  This 
method is very similar to the ones used by other authors (Corte 
Real et al., 1998; Santos et al., 2005; Moron et al., 2008). 
(3.5)
where  N is  the  number  of  observatories,  K is  the  number  of 
clusters,  nrio  is the number of rainy days within the ith cluster 
with a rainfall amount beyond the threshold thr at observatory o; 
ni is the total number of days within the same cluster;  pro is the 
probability of a rainfall total above the specified threshold (0.1 mm 
in this case) at observatory o in all  time realizations of the full 
series. 
This  function  gives  higher  values  when  dry  clusters  are 
differentiated from wet clusters. Since here three observatories are 
used, an average of the value obtained for each observatory is made 
Eq. (3.5). After establishing a fixed precipitation threshold (thr) of 
0.1 mm for considering a rainy day, this formula gives higher values 
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when the grouping is made in a way that separates wet from dry 
water vapor flux patterns. 
The use of this kind of information criterion formula is very useful 
when having enough observed precipitation data, which is the case. 
The resulting classification is then optimum for Guadarrama.
Finally,  once  the  optimum  number  of  clusters  is  selected,  the 
centroids of each cluster have been used as a weighting factor of 
each PC in order to obtain a TCWVF field associated for each 
WVFP. Also, composite maps of MSLP and Z500 anomalies fields 
over the North Atlantic for each WVFP are calculated in order to 
give more insights about the large-scale patterns associated with 
each cluster and its phenomenology.
3.3.6 Analysis of the Relationship Between 
Advection of Humidity and Local Precipitation
For every season the frequency of occurrence of each WVFP and its 
mean persistence are calculated.  Also,  for every observatory and 
season, total precipitation fallen under each WVFP, the probability 
of  precipitation  as  the  rate  between  wet  days  (having  a 
precipitation higher than  thr)  and dry days,  the contribution of 
each  WVFP  to  total  seasonal  precipitation  and  the  mean 
precipitation  rate  as  total  precipitation  under  each flux  pattern 
divided by the number of wet days for that WVFP are evaluated. 
Finally, the transitions between WVFP are calculated as the ratio 
between intra WVFP transitions relative to total  transitions for 
that season.
Composite maps of MSLP and 500hPa height geopotential (Z500) 
anomalies  are  calculated  for  each  WVFP  in  order  to  have 
indications about the synoptic weather pattern associated with it.  
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3.4 Physical Modeling and Assessment 
of Precipitation at Guadarrama3 
3.4.1 Area of Study and Background Information
Figure  3.5b  and   Figure  3.5b  show  the  location  of  the  three 
observatories that will be used for evaluating the performance of 
LMOP. A detailed description of these observatories can be found 
at Durán et al. (2013). 
3This section follows closely the publication: Durán, L. and Barstad, I. (2015). “Multi-scale  
validation of a Linear Model of Orographic Precipitation over Sierra de Guadarrama”. To  
be submitted. 
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A nice curtain of rain hiding the southern entrance of Sierra de Guadarrama 
near Navacerrada.
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Figure 3.6.a represents the accumulated annual precipitation at the 
observatory at top of the range, N, for the period 1990-2013 and for 
hydrological years, defined as the period going from September to 
August. Also accumulation for years with maximum and minimum 
accumulated  precipitation  is  highlighted.  It  can  be  seen  how 
average  precipitation  at  N site  is  around  1240  mm.  Lowest 
accumulation at this observatory was 750 mm, reached during the 
hydrological year 1994/1995. Highest record is 1788 mm, reached 
the next year, in 1995/1996. This year was characterized by strong 
precipitation all over the IP (Losada et al., 2007).  This Figure also 
shows the high inter-annual variability of precipitation at this area. 
For the IP, most of the anomalous precipitation in winter has been 
related  to  a  small  number  of  large-scale  atmospheric  modes 
(Rodríguez-Puebla et al.,  1998).  Some authors have stressed the 
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Figure 3.5. (a) Elevations of IP showing location of Guadarrama and  points A and B used in 
this work. (b) Elevations of Guadarrama with locations of rain observatories used in this 
study: Segovia (S) located in the northern side of the range, Navacerrada (N) located on the 
top of range and Colmenar Viejo (C) located in the southern side of the range.
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importance of the North Atlantic oscillation (NAO) (Hurrell et al., 
2003) on winter precipitation at IP (Rodríguez-Puebla et al., 1998; 
Rodríguez-Fonseca and Serrano, 2002; Trigo et al., 2004). Recent 
results  by  Sanchez  López  et  al.  (2015)  using  a  conceptual  lake 
model and limnological variables (ice phenology records) found how 
anomalous precipitation related with NAO is strongly influencing 
the ice cover of Laguna de Peñalara, a small lake located at the 
highest lands of Guadarrama. It is well known how alpine lakes are 
excellent indicators of these kinds of teleconnections (Rodó et al., 
1997)
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Figure 3.6. Accumulated annual precipitation at the top of mountain observatory 
(N) for the period 1990-2013 and for hydrological years going from September to 
October. Upper solid line represents accumulated precipitation for the year that 
reached  the  maximum  precipitation.  Solid  gray  line  represents  the  average 
accumulation. Lower black dashed line represents the accumulated precipitation for 
the year with lowest precipitation. (b) Standarized anomalies of precipitation at N 
for the period 1990-2013 for hydrological years. Black bars represent years with a 
total  precipitation  higher  than  average.  The  scale  shows  how many  times  the 
anomaly  is  compared  to  the  standard  deviation  of  the  time  series.  Gray  bars 
represent years drier than average. Solid line represents the average North Atlantic 
Oscillation  Index  for  the  period  1990-2013  averaged  for  the  same  hydrological 
years.
Figure 3.6.b shows the standarized anomalies of precipitation at N 
for the period 1990-2013 also for hydrological years but only for the 
wet months (from September to May). 
It shows the high inter-annual variability of this region (see Durán 
et al., 2013 for more details). The period analyzed here starts with 
a  persistent  drought  that  lasted  until  1994/1995.  Some  authors 
(Rodríguez-Fonseca  and  Castro,  2002;  Rodríguez-Fonseca  et  al., 
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2006; Losada et al.,  2007) have documented how 1995 and 1996 
were characterized by an anomalous warming of the Subtropical 
North Atlantic sea surface temperatures due to a transition of the 
Atlantic  Multidecadal  Oscillation  (Knight  et  al.,  2006)  from its 
negative  to  its  positive  phase.  This  drought  finished  next  year, 
1995/1996, with the highest precipitation reached for  the period of 
study. Regarding the drought of 2004/2005, García-Herrera et al. 
(2007) concluded that it might be attributable  to  three  main 
factors  that  occurred successively: a NAO positive pattern from 
November  to  January,  a  positive  East  Atlantic  pattern  in 
February,  and  a  record-breaking  blocking   episode,   which 
extended  from  mid-February  to  mid-March. 
Figure  3.7.a  shows  again  the  marked  summer  drought  and  the 
strong  variability  observed  during  winter  months.  Figure  3.7.b 
shows how most of the precipitation at this location falls as snow 
from November to April. If we assume hail precipitation as a good 
indicator of heavy convective storms, this figure would shows how 
these events are mainly concentrated between April to September 
with a moderate contribution to total precipitation (see Durán et 
al. (2013) for a detailed discussion).
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3.4.2. Data
One of the strengths of LMOP is its low requirements in terms of 
input data. The following data sets have been used in this work: 
- ECMWF ERA-Interim data for determining the meteorological 
initial conditions of the air masses reaching Guadarrama.
-  IGN-MDT200  (National  Geographic  Institute,  Spain)  digital 
elevation terrain model for detailed orography description.
-  AEMET precipitation data from three  observatories  for  model 
tuning and evaluation of results.
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Figure 3.7. (a) Box plots for monthly precipitation at N for the period 1990-2013. 
(b) Monthly precipitation at N for the period 1990-2013 differentiating between 
types of precipitation: rain, snow or hail. 
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i. ECMWF ERA-Interim
The ERA-Interim dataset is a product from European Centre for 
Medium-Range Weather Forecast (ECMWF) describing the large 
scale  atmospheric  state  from  the  period  1979  to  present.  The 
horizontal grid is approximately of 70 km. 
LOPM is driven by the input data taken from this dataset. Vertical 
profiles were extracted from two points: A (41.75º N, 4.22º W) and 
B (40.35º N, 4.22º W) referred to as the northern and southern 
input points respectively (see Fig.  3.5.a). The data is taken from 
the original vertical levels and positions are located at the original 
ERA-Interim (not interpolated) grid. The terrain heights in ERA-
Interim at these points are 903.6 m for A (northern) and 817.7 m 
for B (southern). 
ii. AEMET Data
The three precipitation observatories from used in previous sections 
are used:  N,  C and  S.  Figure  3.3.b shows the location of  these 
observatories along with the domain of this study. 
Observations  coming  from  these  observatories   have  very  good 
quality and have 100% data completeness for the period 1990-2013 
(see Durán et al., 2013, for a detailed discussion on this). It can be 
seen how these three observatories are strategically located since 
there  is  always  one  on  the  leeward  side  and  the  other  on  the 
windward,  representing  an  excellent  workbench  for  testing  the 
performance of LMOP. 
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But precipitation observations  using rain gauges  are  not  perfect 
and should be always be taken with a certain degree of uncertainty. 
Representativeness of these measurements depend on many factors 
and measurements often need extra corrections (Goodison et al., 
1989;  Groisman  and  Legates,  1994;  Sevruk,  1996;  Adam  and 
Lettenmaier,  2003;  Cheval  et  al.,  2011;  Isotta et al.,  2015).  For 
example, only the influence of wind at the upper part of a rain 
gauge can be responsible of more than 15% losses in the case of rain 
and of 30% for snow. It is generally accepted that rain gauges tend 
to underestimate real precipitation. (Chvíla et al., 2005; Paulat et 
al., 2008; Nitu et al., 2012).
The observing method used at the three observatories (S, N and C) 
is a Hellman rain gauge (Sevruk and Klemm, 1989) without wind 
shield.  Every  six  hours  precipitation  is  collected  and  measured 
manually  by  professional  observers.  In  case  of  snow  or  hail, 
precipitation is melted and measured as the equivalent in water. 
Data used in this study do not suffer from data gaps and  and 
homogeneity has been checked (see Durán et al.,  2013 for more 
details). 
iii- IGN-MDT200
IGN-MDT200  (from  the  National  Geographic  Institute,  Spain) 
digital  elevation  model  has  been  used  as  input  of  LOPM.  The 
digital elevation model has a grid resolution of 200 m. With this 
high resolution, this terrain model is expected to reflect accurately 
enough the main terrain features of Guadarrama. Highest peak of 
this Sierra, Pico de Peñalara, with a real altitude of 2428 masl has 
an altitude of  2418 masl on IGN-MDT200.  
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A  squared  modeling  domain  has  been  defined  going  from 
39º52'38''N to 5º4'45''W. This domain includes the whole Iberian 
Central System and part of northern and southern plateau and is 
shown  in  Figure  3.5.a.  The  area  where  results  of  LMOP  are 
expected  to  be  valid  and the  validation  will  be  performed  is  a 
centered sub-domain of 500 x 500 grids that covers Guadarrama 
(Figure 3.5.b).
3.4.2 Linear Model of Orographic Precipitation
LMOP is based on the Smith and Barstad (2004)  proposal for a 
linear steady-state theory of orographic precipitation. This theory 
includes  airflow  dynamics,  cloud  physics,  condensed  water 
advection,  and  downslope  evaporation  (a  full  description  of  the 
method can be found at Smith et al. (2005) and Smith (2006) and 
to Barstad and Smith (2005) for its evaluation). LMOP, has been 
tested  and  applied  to  different  areas  evolving  from  its  initial 
conception but keeping its simplicity and conceptuality (Barstad et 
al., 2007; Smith and Evans, 2007; Crochet et al., 2007; Schuler et 
al., 2008). 
LMOP finds a simple solution for airflow dynamics, using the 3D 
airflow pattern over complex terrain solved using linear mountain 
wave  theory;  and  cloud  physics,  using  a  linear  cloud  physics 
representation including cloud time scales  for the formation and 
fallout of hydrometeors.
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i. The Solution of the Advection Equations
Linear Orographic Precipitation Model proposes a simple way of 
considering part of the physical processes that occur when a humid 
air mass reaches an orographic obstacle and is forced to progress 
upslope. This theory starts with the formulation of two steady-state 
advection equations describing the vertically integrated cloud water 
density qc(x, y) and hydrometeor density qs(x, y).
Dqc
Dt
=S ( x , y )−
qc
τ c
(3.6)
Dqs
Dt
=
qc
τ c
−
qs
τ f
(3.7)
Linear equations (3.6) and (3.7) are used to describe the vertically 
integrated  cloud  water  density  qc(x,y) and  hydrometeor  density 
qs(x,y) where  τc is  the  time  constant  for  conversion  from cloud 
water to rain or snow and τf is the time constant for hydrometeor 
fallout. In Eq.(3.6), S(x,y) is the rate of cloud water generation by 
moist adiabatic uplift (Blader and Roach, 1977). 
Note  that  last  term  in  Eq.(3.7)  represents  precipitation  at  the 
ground: P ( x , y )=
qs
τ f
 Assuming steady state, the only variation of qc and qs are due to 
advection, so the material  derivatives in Eqs.(3.6) and (3.7) can 
become: 
D()
Dt
=U⃗ ∇ () , where U⃗  is the horizontal wind vector 
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with  components  U and  V.  Thus  Eqs.  (3.6)  and  (3.7)  can  be 
rewritten as:
Dqc
Dt
≈ U⃗ ∇ qc=S (x , y )−
qc
τc
(3.8)
Dq s
Dt
≈U ∇ qs=
qc
τc
−
qs
τ f
(3.9)
Thus, Eqs. (3.6) and (3.7) can be rewritten as
u
∂ qc
∂ x
+v
∂ qc
∂ y
=S ( x , y)−
qc
τ c
(3.10)
u
∂ qs
∂ x
+v
∂qs
∂ y
=
qc
τc
−
qs
τ f
(3.11)
A way of solving this set of equations linked by a common term in 
a simple way is to solve then on the Fourier space. It is known that 
spatial derivatives are very simplified in this space: ,   . 
The intrinsic frequency of the resultant wave is then , and 
k and l are the components of the horizontal wave number vector. 
Eqs. (3.10) and (3.11) can now be transformed into Fourier space 
like:
uik q̂c+v il q̂c= Ŝ (k , l)−
q̂c
τc
(3.12)
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uik q̂s+v il q̂s=
q̂c
τc
−
q̂s
τ f
(3.13)
From Eq. (3.12) 
q̂c=
Ŝ ( k , l )
i σ+ 1
τ c
 . Now, introducing this term in Eq.
(3.13), it can be rewritten as:  
q̂s i σ=
Ŝ (k , l )
τ c( i σ+
1
τ c
)
−
q̂s
τ f  , leading 
to  
q̂s(i σ+
1
τ c
)=
Ŝ ( k ,l )
τ c (i σ+
1
τc
)  ,  multiplying both sides  by  τ f  
and with some algebra, this equation leads finally to the following 
simple  expression  for  precipitation  in  the  Fourier  space  as  a 
function  of  a  source  function  Ŝ (k , l )   and  two  dumping 
parameters:  τ c  and τ f
P̂ ( k , l )= Ŝ (k ,l )
( i σ τ f +1 )( i σ τc+1)
(3.14)
Eq. (3.14) can be brought back to real space to obtain precipitation 
distribution in real space: 
P ( x , y )=∫∫ P̂ ( k , l )e i (kx+ly )dkdl (3.15)
It  is  not  only  the  simplicity  of  the  physics  of  this  model  that 
contributes to LMOP being so computationally cheap, it is also the 
simplicity of the solution of the governing equations in the Fourier 
space that makes this possible. Calculation of direct and inverse 
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Fourier transforms can be achieved nowadays really quickly using 
Fast Fourier Transform algorithm on regular computers.
The use  of  Fourier  space  is  really  useful  in  3D mountain wave 
theory (Sawyer, 1962; Smith, 1979) giving a wavy behavior to the 
air  movement that  would be  very  cost  effective  to  achieve  real 
space models. 
ii. The Source Function
The  term S ( x , y )  in  Eq.(3.8)  is  the  vertically  integrated 
condensation rate arising by moist adiabatic uplift:
S ( x , y )=
C w
H w
∫
0
∞
w (s , y , z )e−z /Hw dz (3.16)
In Eq. (3.16), the air is assumed to be near saturation and Cw is an 
uplift sensitivity factor depending on surface humidity and lapse 
rate, Hw is the thickness of the ambient moist layer, and w(x, y, z) 
is the terrain-forced vertical air velocity.
Cw=ρwv
Γ
γ (3.17)
H w=
−RvT
2
Lγ
(3.18)
Where  ρwv is  the  surface  water  vapor  density, γ  is  the 
environmental lapse rate, and Γ  is the average moist adiabatic 
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lapse rate,  T is the surface temperature,  L is the latent heat of 
vaporization, and Rv is the gas constant for vapor.
The terrain-forced vertical velocity at ground level is determined 
from the horizontal wind and the terrain gradient following Smith 
(1979):
w ( x , y ,0 )=U⃗ ∇ h(x , y) (3.19)
As pointed out by Crochet et al.  (2007) this calculations of the 
vertical velocity with altitude using linear mountain-wave theory 
allows to capture important features of the airflow such as decay of 
vertical velocity with altitude leading to a reduction in the amount 
of condensation, lateral airflow around topographic features leading 
to reduced uplift, and the formation of gravity waves. The effect of 
vertical stability of the air column is incorporated in the source 
term.  In  neutral  conditions,  vertical  velocities  at  the  lower 
boundary will propagate through the entire moist layer, while in 
stable conditions, they tend to reduce aloft. In the latter case, the 
source field is smoothed and reduced.
To  describe  the  dynamics  of  forced  ascent,  we  use  well  known 
results from linear Boussinesq mountain wave theory (e.g., Queney, 
1947; Sawyer, 1962; Smith, 1979, 2002; Wurtele et al., 1996). For 
each Fourier component (k, l), the vertical velocity takes a complex 
exponential form:
ŵ ( k , l , z )=ŵ(k , l ,0)eimz (3.20)
Where the vertical wave number is given by:
m(k , l)=[
N m
2 −σ 2
σ2
(k 2+l 2)]
1 /2
(3.21)
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Substituting Eq. (3.20) into the Fourier transform of Eq. (3.16), 
after some algebra :
Ŝ (k , l )=ŵ0(k , l)( C wH w )∫0
∞
e−z /H w e imzdz (3.22)
Thus,
Ŝ (k , l)=
Cw ŵ0(k ,l )
(1−imH w)
(3.23)
Using  ŵ0 ( k , l )=ŵ (k , l ,0 )=iσ ĥ ( k , l ) from  mountain  wave 
theory,  Eq.(3.23)  yields  to  a  transfer  function  relating  the 
transform of the terrain and the condensed water source function:
Ŝ (k , l )=
Cw iσ ĥ ( k , l )
(1−imH w)
(3.24)
As pointed out by Smith and Barstad (2004), the denominator of 
Eq.  (3.24)  contains  the  effect  of  vertical  velocity  variations  up 
through the moist layer. If N m
2 −σ 2 , m is positive imaginary and 
the forced ascent decays with height. Then, the denominator of Eq. 
(20) is real, positive, and greater than unity, reducing the amount 
of condensation. If the static stability (Nm) is large or the intrinsic 
frequency  s  is  small,  m will  be  real.  In  this  case,  the  vertical 
structure oscillates with height and partial cancellation occurs. The 
denominator of Eq. (3.24) is complex with a magnitude exceeding 
unity. Again, the total condensation is reduced. 
In both these cases, the depth of the moist layer (Hw) plays a key 
role in the penetration of the vertical motion through the moist 
layer. Also the effect of static stability enters several ways in Eq. 
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(3.24)  increases  the  available  water  vapor  (Cw and  Hw),  but 
decreases the depth of the lifting (see Smith and Barstad (2004) for 
a complete discussion on these aspects) 
Combining  Eq.  (3.14)  and  (3.24)  gives  a  single  equation  that 
represent LMOP model:
P̂ ( k , l )=
Cw iσ ĥ ( k , l )
(1−imH )w(i σ τ f +1)( i σ τ c+1)
(3.25)
Eq. (3.25) shows at a glance all the input parameters necessary to 
run LMOP:
- Terrain: h(x,y).
- Surface temperature, entering in Hw trough Eq.(11).
- Average wind entering through σ.
- surface water vapor density entering trough Cw
- Stability: Nm
- Moist layer thickness: Hw
- Cloud delay times: τc and τf
For a clarifying and interesting discussion about the implications of 
the terms in the denominator of Eq. (3.25) the reader can refer to 
Crochet et al. (2007).
Eq. (3.25) can be brought back to real space by an inverse fast 
Fourier transform to compute the precipitation field:
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P ( x , y )=max [∬ P (k , l ) ei (kx+ly )dkdl+P∞ ,0 ] (3.26)
3.4.3 Enhancements from Original Formulation
LMOP  has  been  given  good  results  even  with  its  original 
formulation (Smith and Barstad, 2004). Nevertheless there has been 
some improvements that keeping the same philosophy has shown to 
improve, to a certain extent, the performance of the model. Next 
sections show of the enhancements that were susceptible to improve 
the results for this application. 
i. Drying Ratio 
Original  formulation  of  LOPM  considered  precipitation  to  be 
proportional to the upstream advection of water vapor flux. This 
simple  assumption  might  work  fine  for  isolated  and  round 
mountains  or  mountain  ridges  with  general  flow  going 
perpendicular of the axis of the ridge. Very often, water vapor flux 
at Guadarrama reach the sierra almost along its axis (see Durán et 
al.,  2013;  Durán  et  al.,  2014).  For  this  reason,  this  original 
simplification was considered that might induce significant errors. 
A simple way of dealing with this was already proposed in Smith 
and Evans (2007). They proposed to correct the precipitation with 
the  local  fraction  of  water  vapor  remaining  after  upwind 
precipitation. This was estimated to be:
P reduced ( x , y )=P ( x , y )Θ (x , y) (3.27)
where  P (x , y ) is computed with Eq. (3.26) and  Θ( x , y)  is 
the fraction of vapor remaining defined as:
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Θ ( x , y )=1−∫
−∞
x , y
P reduced ( x ' , y ' )ds /F0 (3.28)
Where  F 0=ρ qwU H w  is  the  incoming  upstream  horizontal 
water vapor flux and ds=(U x dx '+U ydy ' )/∣⃗U∣ . Eq. (3.28) can 
be expressed as:
Θ ( x , y )=e−D Rref ( x , y) (3.29)
where
D Rref ( x , y )=∫
−∞
x , y
P (x ' , y ' )ds /F0 (3.30)
ii. Sub-saturated Upstream Conditions
In addition to Smith and Evans (2007) correction which adjusts for 
the  drying  of  the  water  flux  across  mountain  ridges,  we  will 
introduce a new correction which to some degree takes into account 
sub-saturated upstream conditions. We start with considering the 
background wind vector U⃗=U i⃗+V j⃗    where U and V are wind 
components, and defining the vertically-integrated water vapor flux 
as:
F⃗ ref= ρwv U⃗ H w (3.31)
Further discussions on the flux may be found in, e.g.  Barstad et al. 
(2007). Moreover, we assume there is a sub-saturated water vapor 
flux expressed as: 
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F⃗=θ F⃗ ref (3.32)
where the  F⃗ ref is the saturated flux. Now, using Eq. (3.31 and 
3.32)  and  assuming  homogeneous  reduction  throughout  the  air 
column,  Hw is unaffected and only the humidity ρwv is influenced, 
thus we have:
ρwvs− ρwv
ρwvs
= (1−θ ) (3.33)
Using definition of relative humidity, Rh=100 ρwv / ρwvs  , and
θ=Rh/100 (3.34)
The condensation source term in Eq. (3.24) can be also expressed 
as:
Ŝ (k , l )=
i ρwv γ /Γ σ ĥ
1−imH w
(3.35)
Since the intrinsic frequency can be written as  σ=U⃗ · K⃗ where 
K⃗=k i⃗+l j⃗ , we have:
Ŝ (k , l )=
i ρwv γ /Γ ĥ F⃗ · K⃗
H w(1−imH w)
(3.36)
or with the relative humidity adjusted flux, F⃗ , from (3.32),
Ŝ (k , l )= iθ γ /Γ ĥ F⃗ · K⃗
H w(1−imH w)
(3.37)
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Where  now  (3.37)  has  some adjustments  taking  into  account  a 
reduced  flux  due  to  sub-saturated  conditions.  This  assumption 
violates to some extent the original idea behind the linear model as 
it  was  intentionally  designed as a  perturbation model,  assuming 
saturation in the base state. However, it will to some extent reduce 
the  condensation  relative  to  the  relative  humidity  level  of  the 
incoming air.
 iii. Topographic Flow Blocking
It has been widely analyzed how a mountain barrier interact with 
an atmospheric flow (e.g. Smith, 1979; Medina et al., 2005; Armi 
and Mayr, 2015). Several factors like height of the obstacle, wind 
velocity and stratification play a role whether or not the flow is 
able to get over, split or even being blocked. It seems clear that not 
taking  into  account  this  fact  can  lead  LOPM  to  overpredict 
precipitation. Blocking cases are expected to happen with a strong 
stratification  and  weak  winds  Under  these  conditions,  the 
dynamical height of the mountain  is high. A simple way to deal 
with this effect is using the concept of Nondimensional Mountain 
Height, M. This can be defined as:
M= N · h
∣⃗U∣ (3.38)
Which is the inverse of the Froude number Fr=
1
M where U⃗
is the wind velocity, N is the  Brunt-Väisälä frequency and h is the 
mean height of the mountain range.
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This  parameter  has  been  widely  used  for  describing  nonlinear 
features of fluxes over mountains and it has been shown how it 
describes in a simple way accelerations at the lee and windward 
slopes (Smith and Grønas, 1993).
There  are  some  variations  on  literature  about  the  values  of  M 
(Bousquet  and  Smull,  2006;  Hughes  et  al.,  2009).  As  a  rule  of 
thumb it is accepted that values of  M=1 guarantee free upslope 
humid flow and values higher than 2 will block the flow. 
For this work, a 6 hours characterization of topographic blocking 
flow due Guadarrama massif has been done. For M<1 result in air 
flowing over the obstacle,  while a  M>2 indicate blocking. These 
cases have not being simulated. A mean orographic altitude of the 
massif has been set to h=1600 m, which is the maximum height of 
a well  connected orographic  barrier.  Values of  M between these 
thresholds  have  been  linearly  interpolated  and  converted  to  a 
blocking factor,  bf. This factor is zero for M=2 and is 1 for M=1. 
Then it has been used to diminish partially the value of the source 
function S in the following way:
S ' ' (k , l)=b f S (3.39)
3.4.4 Model Set-up
Terrain  preprocessing  is  crucial  in  upslope  models  like  LMOP. 
Dynamical uplifting due to wind and orographic obstacles is the 
dominating factor  for  producing condensation and,  subsequently, 
precipitation. Since LOPM assumes a steady and unperturbed flow 
on its boundaries,  it is necessary to preprocess the orography in 
such  a  way  that  air  reaches  the  model  domain  relatively 
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undisturbed by mountains. Also, since the equations are solved in 
the Fourier space, it is necessary to leave a considerable distance 
from the area of interest to the lateral boundaries of the model in 
order  to  avoid  aliasing  or  spurious  wave  behavior.  For  these 
reasons, orography in  band of 250 grid points (50 km) at all sides 
has been smoothed out.
In previous applications of this model at coastal areas sea level has 
been chosen as the reference level. Nevertheless for this continental 
application,  choosing  a  right  reference  level  has  required  more 
attention.  Even  though  Guadarrama  is  surrounded  by  two 
relatively flat and extensive plateaus that facilitate the mentioned 
unperturbed flow prerequisite,  they have different  mean heights. 
Northern plateau is about 200 m higher that southern plateau (see 
Figure  3.3.a). These differences can be even higher depending on 
wind direction. This makes questionable to choose a single reference 
level for all the simulations and for all wind directions. In order to 
tackle this problem in a simple way, a case dependent orography 
was used. This means that reference level will depend on every case 
wind direction.  For sake of  simplicity,  only  six  different  sectors 
have  been  considered.  LMOP is  an  upslope  model,  so  artificial 
precipitation from incorrect elevations on the downwind areas will 
not enter the results.
The vertical profiles extracted from ERA-Interim at points A and 
B (Figure  3.3.a) were used for initializing LMOP with a 6 hours 
step. ERA-Interim surface temperature in the reanalysis has been 
adjusted to compensate for the deviation from the reference level 
taken of terrain height. For this adjustment an environmental lapse 
rate  of  Γ=0.06  K  km-1 has  been  used.  In  addition  to  surface 
temperature,  the  linear  model  also  needs  winds  and stability  at 
some height. For wind of the air mass the 870 m above reference 
level was chosen. For temperature near surface, temperature at 10 
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m  was  chosen.  For  upper  temperature  for  snow  precipitation 
characterization, temperature at 1100 m was chosen since this is a 
reasonable height for cloud base height. For relative humidity of 
the air mass, the average relative humidity between levels at 525 to 
3300  m  above  surface  was  calculated.  This  an  approximate 
thickness of the moist layer ignoring levels too influenced by soil. 
In  order  to  separate  precipitating  events  from non-precipitating 
events, a threshold on the average relative humidity was calculated 
using observed precipitation at  N.  This threshold is supposed to 
represent a threshold for near saturating conditions. A classification 
of every case into wet (W hereafter) and dry (D hereafter) has been 
performed. A day is considered wet if total precipitation for those 6 
hours case is equal or higher than 1 mm. Precipitation at  N has 
been  chosen  for  such  classification  for  two  reasons.  First,  this 
observatory is located at top of the range so it is representing the 
higher lands, where more reliability of results is wanted. Also, as 
pointed  out  by  Duran  et  al.  (2013),  the  probability  of  having 
precipitation at  S or/and  C and not at  N is very low. Except in 
summer  (JJA),  when  the  frequency  of  wet  days  with  only 
precipitation at S is 15% of the summer wet days. 
The 1 mm threshold for considering a wet day is selected so 25th 
percentile  of  wet  population  has  maximum  distance  from  75% 
percentile of dry population. 
The near saturation threshold has been taken as the 25th percentile 
of the wet population for each season. 
Two parameters of the model needed to be also determined. These 
are τc and τf. The falling time was considered fixed and equal to an 
average terminal velocity, Vt, of 6 m s-1 for rain and 1 m s-1 for 
snow.  Then  τf=Hw/Vt.  In  order  to  determine  the  kind  of 
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precipitation a snow temperature threshold need to be defined. For 
this purpose the ERA-Interim profile temperature from 10 to 3000 
m above surface has been used. For each level two populations out 
of the temperature values were made: one for snow (S1) and the 
other for  rain (R1) depending on kind of precipitation recorded at 
N.  The  level  that  gives  the  maximum  distance  between  25th 
percentile of rain and 75th percentile of snow for all seasons, except 
summer, is taken as snow reference level. The threshold used is the 
75th percentile of the snow population for each season.
For τc a value of 1000 s was taken from bibliography. As has been 
stated,  τf depends  on  the  type  of  precipitation.  In  order  to 
determine the temperature threshold that better could differentiate 
populations of snow and rain, the temperature at different level of 
observatory  N were compared. The optimum separation between 
populations was temperature at a height of 1100 m above reference 
level. 
With this set-up LMOP simulations were conducted for simulating 
from 1st of January of 1990 to 31st of December of 2013 with a 6 
hours time step with a 200 m. For every case, mean wind direction 
was calculated. Depending on the sector, terrain model was selected 
and  initial  meteorological  conditions  upwind  used.  The  results 
obtained are shown in section 4.4.
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4.1 Results From the Peñalara 
Meteorological Network
4.1.1 Description of the Network
At  the  present  time  RMPNP  consists  of  five  automatic 
meteorological stations that cover the area of Massif of Peñalara 
and  the  lower  lands  of  Valle  del   Lozoya.  Also  a  manual 
observatory of temperature and precipitation has been established 
A Comprehensive Assessment of Precipitation at Sierra de Guadarrama Through Observation and 
Modeling. Luis Durán Montejano, (2015) 
87
Supercooled water in fog formed ice needles near Dos Hermanas betraying  
wind direction
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at one of the automatic sites for calibration purposes and research. 
Figure 3.1.b shows the location of the sites.
Table  4.1 shows  the  code,  name,  coordinates,  starting  year, 
variables codification, magnitudes measured and sensor used at the 
present time. 
Even though location of sites are tried to be as much representative 
as possible of the general environmental conditions of a broad area, 
this is sometimes difficult, specially for some variables. Table  4.2 
includes some general comments about the representativeness of the 
sites  that any future  user  of  the  data should take into account 
(Woodruff  et  al.,  1998).  This  brief  information,  should  not 
substitute  an  in-situ  visit  of  the  site,  something  that  is  always 
recommended before using the data.
Since first stations (Zabala and Cabeza Mediana) were installed in 
1999 at a height of 2079 and 1691 masl the network has suffered a 
set of changes as a result of technological evolution and acquisition 
of knowhow (Durán, 2003). Regarding changes in sensor and data 
logging system technology, the evolution has been less marked than 
in  telecommunications  and  quality  assurance.  Data  logging  was 
made  first  using  a  NRG9000  data  logger 
(renewablenrgsystems.com).  With  the  irruption  of  the  Global 
System for Mobile (GSM hereafter) communications, loggers were 
progressively substituted  with  Gantner  IDL101 loggers  (gantner-
instruments.com)  and Wavecom (sierrawireless.com)  modem was 
used for data transfer.
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Table 4.1.Description of the location and characteristics of the observing sites of  
Peñalara  Meteorological  Network.  Instrumentation  has  changed  since  first  
installation but last one is included in this table.
Code Name 
Coordinates
(City, 
Province)
UTM (m)
Altitude 
(masl)
Starting 
year
Variable 
code Magnitude (Units)
Sensor 
(in 2014)
001 Ontalva
40º52'20''N
 3º53'1'' O
(Rascafría, 
Madrid)
X: 424736
Y: 4524980
Z: 1196
2008 TA01 Air temperature at 2m (ºC) Vaisala HMP45
2008 HR01 Relative humidity at 2 m (%) Vaisala HMP45
2008 LL01 Liquid  precipitation  at  3  m 
(mm)
NovaLynx 260-2500
2008 VV01 Wind velocity at 6 m (m s-1) NRG #40
2008 DV01 Wind direction at 6 m (º) NRG
002
Cabeza 
Mediana
40º50'13''N
3º54'15''O
(Rascafría, 
Madrid)
X: 423450
Y: 4521790
Z: 1691
1999 TA01 Air temperature at 2m (ºC) Vaisala HMP45
1999 HR01 Relative humidity at 2 m (%) Vaisala HMP45
1999 LL01 Liquid  precipitation  at  3  m 
(mm)
NovaLynx 260-2500
1999 VV01 Wind velocity at 6 m (m s-1) Young Wind 
monitor
1999 DV01 Wind direction at 6 m (º) Young Wind 
monitor
2008 PA01 Atmospheric  pressure  1.75m 
(hPa)
NovaLynx
003 Refugio 
Zabala
40º50'20''N
3º57'1'' O
(Rascafría, 
Madrid)
X: 419300
Y: 4521330
Z: 2079
1999 TA01 Air temperature at  6m (ºC) Vaisala HMP45
1999 HR01 Relative humidity of air at  6 
m (%)
Vaisala HMP45
1999  LL01 Liquid  precipitationat  4m 
(mm)
Young Wind 
monitor
2008 LL02 Liquid  precipitation  at   4m 
(mm)
Lambrecht
1999 VV01 Wind velocicity at 10m (m s-
1)
Young Wind 
monitor
1999 DV01 Wind direction at  10m (º) Young Wind 
monitor
2008 PA01 Atmospheric  pressure  2m 
(hPa)
NovaLynx
004 Cotos
40º49'31''N 
3º40'''O
(Rascafría, 
Madrid)
X: 418955
Y: 4519800
Z: 1857
2008 TA02 Air temperatute at 2m (ºC) E+E Elektronic
2005 TA01 Air temperature at 10 m (ºC) E+E Elektronic
2008 HR02 Relative  humidity  of  air  at 
2m (%)
E+E Elektronic
2005 LL01 Liquid precipitation at 1.5 m 
(mm)
Nova Lynx
2005 VV01 Wind velocity at 10 m (m s-1) NRG #40
2005 DV01 Wind Direction at 10m (º) NRG
2008 HN01 Snow heigth  (m) Judd Comunicatio
005 Alameda 
40º54'53''N 
3º50'39'' O
(Alameda, 
Madrid)
X: 428934
Y: 4529640
Z: 1104
2009 TA01 Air temperature at 4m E+E Elektronic
2009 HR01
Relative  humidity  of  air  at 
4m E+E Elektronic
2009  LL01 Liquid precipitation at 4 m Nova Lynx
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Table 4.2.Representativity of sites.
Cod
e
Name Metadata and representativity of sites
001 Ontalva
This station is located in the lower land of the valley. Land use is 
natural grass immersed into a pine forest in a sheltered clear. Wind 
observation is not very representative of the boundary layer wind due 
to  obstacles,  much  higher  than  tower.  The  not  heated rain  gauge 
might  under  sample  in  winter  due  to  snow  blocking.  Minimum 
temperatures might be lower than expected for this altitude since this 
location is immersed in Valle de la Umbría, a north oriented valley 
within  Lozoya  Valley  with  possible  air  drainage  from  higher 
elevations. 
002
Cabeza 
Mediana
Mountain site.  Land use  is  natural  pasture  with some small  trees. 
Excellent location in top of a flat and round ended hill in the middle 
of  Valle  del  Lozoya.  Very  good  representativity  of  wind 
measurements. Not heated rain gauge is surely under sampling real 
precipitation in winter.
003
Refugio 
Zabala
Very High mountain  environmental  conditions.  Land use  is  mainly 
bare rock with snow cover during many months. Sensors are located 
in the top of small construction for security and impact reasons, so 
some impact is expected in wind an precipitation measurements. Good 
representativity  of  temperature  at  4  meters  but  rime  might  be 
influencing  temperature  measurements  in  winter.  Not  heated  rain 
gauge,  so  precipitation  measurements  are  surely  under  sampled  in 
winter.
004 Cotos
High mountain site. Land use is natural pasture with tall pine trees at 
100 meters. Good representativity but the site is located not in a very 
flat  area.  Local  effects  of  catabatic  cold  air  drainage  from higher 
terrain  is  expected  due  to  the  slope.  Not  heated  rain  gauge,  so 
precipitation measurements are surely under sampled.
005 Alameda 
Good representativity of all measurements. Land use is natural grass. 
Even though rain gauge is not heated, under sampling might be less 
important due to less snow precipitation at this altitude, but needs to 
be taken into account in winter.
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4.1.2 Data Completeness
Table  4.3 shows  the  annual  average  data  completeness  of  the 
stations  based  on the  availability  of  air  temperature  data.  This 
table shows the performance of the network in relation to problems 
related with power failures, general malfunction due to a general 
breakage of the stations and also human errors. This table shows 
also the increment of data volume through the years and also the 
technology change that the network has suffer from first years to 
present,  specially  in  relation  to  telecommunications  and  data 
storage systems.
Before 2005 data collection was made locally accessing to the sites 
walking  and  downloading  data  directly  from  the  logger  to  a 
computer (Local hereafter).  This method was proven to be very 
robust since power requirements were minimum and loggers could 
be operated by small power panels and batteries. Nevertheless this 
was  unsustainable  with  more  sites  needed  to  be  visited.  GSM 
communications  opened  a  new  horizon,  since  stations  could  be 
accessed  remotely  for  data  downloading  and  configuration.  But 
poor quality of the signal at these mountains and problems due to 
a still incipient technology with not many automatization software 
possibilities,  made  this  technology  not  very  reliable.  GPRS 
(General packet radio service) and evolution of GSM oriented to 
data  transfer  through  the  cellular  network  was  the  ultimate 
solution that gave the needed reliability to the communications at 
RMPNP. Telecommunications not only gave the possibility to have 
data at the desktop, saving man power, but also made possible to 
have an almost online diagnostic  of  the station status.  It  really 
made a difference on data completeness no matter the increment in 
the number of sites.
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Table 4.3. Annual average of data completeness of the stations based on availability of air  
temperature observations (Blue  for completeness>=75%,  orange for completeness <75%,  
and white  for  not  fully  operative).  Collection  method  are  Local  that  stands  for  in-situ  
downloading of data, GSM for analog GSM data collection using modem and GPRS for  
GPRS TCP/IP protocol using dynamic IPs. Regarding Storage, ASCII stands for individual  
raw files from datalogger, S. Sheet stands for spread sheets for every variable organized in  
years with individual validation code and SQL stands for PosgreSQL database storage.
Year
Collection  
method Volume of data Storage Station
Ontalva C.Mediana Zabala Cotos Alameda
1999 Local 202039 ASCII 34 42
2000 Local 722874 ASCII 98 100
2001 Local 1015623 ASCII 96 94
2002 Local 1698549 ASCII 83 73
2003 Local 2198111 ASCII 63 61
2004 Local 2850198 ASCII 84 89
2005 Local 3613656 S. Sheet 91 85 96
2006 GSM 4219771 S. Sheet 55 58 51
2007 GSM 5375096 S. Sheet 66 80 56
2008 GPRS 7510050  SQL 84 92 90 96
2009 GPRS 9911400  SQL 88 87 88 98 21
2010 GPRS 12634429   SQL 81 100 75 95 99
2011 GPRS 15261155   SQL 95 80 83 98 88
2012 GPRS 18022734   SQL 97 93 84 99 100
2013 GPRS 20629862   SQL 100 80 79 100 82
2014 GPRS 21966337   SQL 99 77 75 99 55
Average 92 80 79 89 75
Another  important  technological  evolution  was  the  way  data  is 
stored. With a few stations and during the first years, individual 
ASCII (American Standard Code for Information Interchange) was 
feasible. Nevertheless, soon it was necessary to tag data as valid 
('V'), null ('D'), corrected ('C') or temporal ('T') as a result of the 
QA/QC process. This was first solved using spreadsheets, that also 
offered an easy solution for calculation of some statistics and daily 
and monthly time series but turn not to be very practical with the 
fast  growing  of  data  stored.  The  solution  was  found  using 
PosgreSQL  that  brought  new  possibilities  like  programing  of 
Python algorithms  for  data  validation,  automatization  of  report 
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generation and exchange of information with third parties.  Also, 
gave reliability to the system thanks to the powerful capabilities of 
this environment.
4.1.3 Representativity of the Measurements and 
Statistics
The measurement of temperature using automatic techniques has 
shown to be robust at RMPNP. Data gaps at temperature time 
series is mainly due to general failure problems of the station, like 
power failures (Figure 4.1). Drift of sensors has shown to be under 
factory  specifications  and  regular  replacement  of  sensor  filters 
showed  to  be  less  necessary  than  in  other  more  contaminated 
atmospheres.
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The measurement of temperature using automatic techniques has 
shown to be robust at RMPNP. Data gaps at temperature time 
series is mainly due to general failure problems of the station, like 
power  failures.  Drift  of  sensors  has  shown  to  be  under  factory 
specifications and regular replacement of sensor filters showed to be 
less necessary than in other more contaminated atmospheres. The 
progressive  substitution  with  new  sensors  have  not  affected  its 
homogeneity.
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Figure 4.1. Time series of air temperature at the sites from 2000 to present in ºC.
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In order to check the homogeneity of the temperature data sets, an 
Alexandersson test (Alexandersson, 1986) has been performed with 
Zabala and C.Mediana temperature data sets for the period 2000-
2014. As reference station a less than 10 km distant temperature 
observatory belonging to the Spanish Meteorological  Agency has 
been used.  Puerto de Navacerrada (1893 masl)  observatory uses 
professional  staff  and  follows  standardized  observation  methods. 
Since  this  observatory  is  operated  by  independent  staff  from 
RMPNP and uses a completely different method of measurement, a 
homogeneous  behavior  with  this  observatory  should  be  robust 
enough. Figure 4.2 shows the results obtained. As can be seen the 
T value of this test on the annual mean temperature is below the 
critical value (6 for 13 points) and can be concluded that the time 
series at these two sites are homogeneous. 
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Figure  4.2 Values of T of an Alexandersson test for annual mean temperature 
observed at Cabeza Mediana and Zabala using Puerto de Navacerrada  AEMET 
observatory as a reference station. The critical T value for 5% confidence level and 
14 samples is 6.
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Temperature time series recorded at RMPNP seem to be a good 
estimate of the real temperatures expected during all these years at 
this area of Sierra de Guadarrama. Nevertheless,  there are some 
factors  that  could  be  influencing  the  representativeness  of  these 
estimations and  would deserve  a deeper  analysis  in the  future. 
These are:
i) effect of rime freezing on the naturally aspirated radiation 
shield. Under this situation, a decoupling of the sensor from 
the measurand is expected (Leroy et al., 2002; Appenzeller 
et al., 2008);
ii) effect  of  down-up  short  wave  radiation  reflected  from 
ground due to snow cover. Radiation shields are designed 
for an up-down direction;
iii) effect of ground level to rise due to snow height in winter;
iv) effect  of  evaporation  of  water  drops  condensed  over 
temperature sensor;
One aspect that has shown to be useful for data validation is the 
relationships between values observed simultaneously by different 
sites (spatial coherency checks). Figure 4.3 shows the mean hourly 
temperature  for  every  site  and  season.  The  difference  between 
maximum and minimum temperature is a good estimator of the 
mean  daily  temperature  amplitude.  This  figure  shows  how this 
relationships have an altitude forcing that needs to be taken into 
account.  Higher  altitude  sites  show  a  much  lower  temperature 
amplitude than valley bottom sites.
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Figure  4.4 shows  the  correlation  between  the  hourly  air 
temperatures  for  all  the  sites  and for  their  common period.  As 
expected the correlation is high since the sites are relatively close. 
Higher  correlations  are  found  among  the  higher  altitude  sites 
(Zabala,  Cotos  and  C.Mediana)  and  the  valley  bottom  sites 
(Ontalva and Alameda). 
A Comprehensive Assessment of Precipitation at Sierra de Guadarrama Through Observation and 
Modeling. Luis Durán Montejano, (2015) 
97
Figure 4.3: Mean hourly temperature for every hour, site and season. Difference 
between  maximum  and  minimum  can  be  taken  as  the  mean  temperature 
amplitude.
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One  advantage  of  having  such  high  density  of  stations  highly 
correlated is that it might be feasible to complete the data gaps of 
one site out of the observations from the others. Figure shows an 
example of  such simple data completion procedure calculating a 
temperature lapse rate between Zabala and C.Mediana. This lapse 
rate is then used to calculate air maximum, minimum and average 
temperature  at  Cotos.  Figure  4.5.a  shows  the  scatter  plots  of 
calculated versus observed temperature using this simple lapse rate 
method. Figure  4.5.b shows the root mean square error (RMSE) 
between these two data series. It is shown how this method gives 
higher RMSE for summer and lower values for the rest of the year 
inviting for  a more  sophisticated method.  Whether or  not these 
errors are acceptable for future users of this data base depends on 
the application since there are other more sophisticated methods to 
do this (Henn et al., 2013).
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Figure 4.4 Correlation coefficients of air temperature 10 minutes time series between 
all  the  sites  of  the  network.  Width  of  the  lines  is  proportional  to  the  Pearson 
correlation factor value.
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A  similar  discussion  could  be  followed  by  relative  humidity 
measurements, since both variables are close related and measured 
by very close sensors.
Regarding  total  radiation,  this  variable  shows  relatively  small 
interferences if micro-sitting of the sensor is properly done avoiding 
shades. The situation changes dramatically in winter when snow or 
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Figure  4.5 (a) Scatter plot of observed and calculated time series of daily  
maximum (up),  average (center) and  minimum (bottom)  temperatures at 
Cotos  site  (b)  Monthly  RMSE of  the  calculated  maximum (up),  average 
(center) and  minimum (bottom) temperatures.
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rime  deposits  over  non-heated  pyrometers.  Under  this  situation, 
measured  radiation  will  be  much less  than  real,  and  it  will  be 
difficult to detect during the QA/AC process.
For wind speed and wind direction,  mechanically driven sensors 
have been chosen.  In the last  years cup anemometers and wind 
vanes have been substituted by four blade helicoid propeller wind 
and direction sensors  which  has  shown to be  more  reliable  and 
robust. Both kind of sensors are susceptible of being blocked and 
broken  frequently  by  rime  acting  together  with  high  winds 
(Makkonen et al., 2001; Fortin et al., 2005). Figure 4.6.a shows the 
wind speed measured at Zabala during some days in winter as long 
with the standard deviation in the same period. This is  just an 
example of the effect of rime on anemometers. Supercooled water 
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Figure  4.6.(a) Wind speed (Zabala.VV01) and standard deviation of wind speed 
(Zabala.STD) at Zabala site during a period affected by freezing rime. (b) Air 
temperature (Zabala.TA01) at Zabala during the same period.
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freezes  immediately  when  touching  the  anemometer  that  finally 
looses its mobility after a certain time. This process occurs under 
freezing conditions and can last for some days, Figure 4.6.b. When 
temperature  rises,  ice  melts  and  very  often  the  anemometer 
recovers functionality. Often, an asymmetrical melting process on 
the  rotor  of  the  anemometer  can  cause  it  to  break  and  loose 
functionality.  Since  this  is  a  winter  phenomena,  substitution  of 
sensor  delays  in  time  waiting  for  safe  conditions  for  the 
maintenance crew, increasing the data gaps considerably. 
 Figure  4.7 shows  completeness  of  wind  data  for  some sites  at 
different  height  and  for  all  seasons.  Also  number  of  wind 
measurements taken under freezing conditions is shown. This graph 
shows  the  strong  relationships  between  both  variables  and  how 
higher  elevation  sites  are  more  susceptible  to  this  kind  of 
phenomena.  Figure  4.8 reinforces this showing the percentage of 
valid data and gaps produced either by a general  failure of  the 
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Figure 4.7.Data completeness (blue) for three stations of RMPNP and relation of 
samples taken under freezing conditions (orange)
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powering system, effect of rime and sensor breakage. It seems clear 
how it is still difficult to have good data coverage in winter and at 
high elevation sites without heated sensors.
Besides the complexity of measuring wind under these conditions, 
and taking into account that the loss of data is causing a bias that 
would need further evaluation, a first assessment of wind at this 
area of Guadarrama can be obtained using C.Mediana site which 
showed  70%  of  completeness  for  more  than  a  decade.  For 
illustrating  purposes  the  seasonal  wind  distribution  has  been 
calculated (Figure 4.9.a) and the wind roses for this excellent wind 
monitoring site (Figure 4.9.b).
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Figure  4.8 Percentage  of  factors  that lead to wind speed data loss  (rime, 
power failure and sensor breakage) and total valid data at Zabala and Cabeza 
Mediana sites.
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Figure 4.9.(a) Seasonal wind velocity distribution at Cabeza Mediana for 
the period 1999-2014. (b) Seasonal wind rose at Cabeza Mediana for the 
same period.
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Regarding precipitation, this magnitude has shown to be extremely 
difficult to measure at these mountains. Under the absence of wind, 
rain  gauges  perform  fairly  well  since  precipitation  falls  down 
vertically and is collected by the effective area of the collector. But 
in real  field conditions the  catching process  is  less  efficient  and 
depends on other factors, mainly on wind speed and precipitation 
rate. Even neglecting other sources of errors, only the influence of 
wind at the upper part of the rain gauge can be responsible of more 
than 15% losses in the case of rain and of 30% for snow, depending 
on  wind  speed  and  precipitation  rate  (Goodison  et  al.,  1989; 
Groisman  and  Legates,  1994;  Sevruk,  1996;  Sieck  et  al.,  2007; 
Paulat  et  al.,  2008;  Cheval  et  al.,  2011).  Thus,  it  is  generally 
accepted  that  rain  gauges  tend to underestimate  no  matter  the 
measuring principle. 
Besides the loss of precipitation due to the aerodynamic effect of 
wind,  the  non-heated  rain-gauge  used  at  RMPNP  have  been 
blocked  with  snow  during  many  winter,  fall  and  spring 
precipitation events. When temperatures rise, the blocking snow at 
the  funnel  melts  and  spurious  precipitation  is  recorded  at  the 
tipping-bucket  under  clear  sky.  This  double  effect  of  erroneous 
precipitation measurement is shown in Figure 4.10.a where manual 
observations made at Cotos using a Hellman manual rain gauge 
combined with the automatic measurements made possible to make 
an deep analysis of this effect. During the 27th and 28th of October 
snow precipitation is collected manually. During these days nothing 
is detected by the tipping bucket rain gauge, which is collapsed 
with the snow. The 2nd of March, the sky is clear as shown by the 
radiation sensor, and temperature rises above zero degrees (Figure 
4.10.b). Snow starts to melt during the central hours of the day 
giving precipitation at a very constant and artificial rate (Figure 
4.10.b).  This  process  is  confirmed  by  the  snow  depth  sensor 
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installed at the same site (Figure 12.a). Normally the total amount 
of this spurious rain is very similar for other episodes and it stops 
at night, when temperatures go again below zero. This pattern is 
repeated with every snow storm, so proper validation algorithms 
can be programmed to filter them out. 
A Comprehensive Assessment of Precipitation at Sierra de Guadarrama Through Observation and 
Modeling. Luis Durán Montejano, (2015) 
105
Figure  4.10.(a) Precipitation observed using both a manual (Cotos.LL10) 
and a non-heated tipping bucket (Cotos.LL01) rain gauge, and the snow 
height  (HN01)  in  Cotos  site  for  the  same  period.  (b)  Air  temperature 
(Cotos.TA02) and solar radiation (Cotos.RT01) observed at Cotos site.
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At Guadarrama, most of the precipitation that falls along the year 
except for summer and some months in spring and fall  is  snow 
(Durán et al., 2013). Figure 4.11.b shows a scatter plot of days with 
precipitation below 1 mm (orange) and days with snow (light blue) 
and  rain  (dark  blue)  precipitation  over  1  mm and  mean  daily 
relative humidity  and mean air temperature  observed at Cotos 
using a manual rain-gauge and an automatic station. First it can be 
seen how precipitation occurs  normally with mean daily relative 
humidity values higher than 80% (Figure 4.11.c).  This result can 
be used with higher refinements to build a precipitation algorithm 
for  precipitation  validation.  The  refinement  could  be  done 
discriminating between seasons and hour, since relative humidity 
follows  a  clear  daily  cycle.  Precipitation  events  with  low  mean 
relative humidity correspond to days with convective storm activity 
with a sudden and isolated increase of relative humidity for some 
hours.  This  opens  again  many  possibilities  for  using  relative 
humidity of an excellent variable for precipitation data validation. 
This graphs also shows how snow, as expected, occurs mainly under 
freezing  conditions,  but  again  some  exceptions  are  found  and 
probably attributable to a cooling process due to evaporation of the 
snow flakes on their falling down (Figure 4.11.a). 
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In an attempt to evaluate the impact of using non-heated tipping-
bucket rain gauges for measuring precipitation at Guadarrama a 
comparison between manual and automatic methods used at Cotos 
has  been  performed.  Figure  4.12 shows  the  relationship  found 
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Figure 4.11.( (a) Bar plot of rain (Cotos.RAIN) and snow (Cotos.SNOW) observed 
using  a  manual  rain  gauge  at  Cotos  for  different  values  of  daily  mean  air 
temperature. (b) Scatter plot of daily relative humidity against daily temperature 
for days with precipitation under 1 mm (squares), days with snow precipitation 
above than 1 mm (asterisks) and days with rain precipitation above 1 mm (circles) 
at  Cotos.  (c)  Bar  plot  of  percentage  of  days  with  precipitation  under  1mm 
(Cotos.DRY), days with snow precipitation (Cotos.SNOW) and days with rain 
precipitation (Cotos.RAIN) above 1 mm and mean daily relative humidity.
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between the monthly differences between the two methods and the 
number of  hours  per  month with  saturating conditions  (relative 
humidity  over  80%),  and  near  freezing  temperatures  (air 
temperature under 5ºC), as an estimator of potential snowy hours. 
A  significant  linear  relationship  between  the  automatic  sensor 
underestimation  and  number  of  hours  potentially  having  snow 
precipitation have been found. This relationship could be used to 
estimate the amount of underestimated precipitation at other close 
locations that use the same rain-gauge or for QA/QC.
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Figure  4.12.  Relationship  found  between  the  monthly  precipitation  differences 
between a manual and a non-heated tipping bucket rain gauge and the number of 
hours per month with relative humidity over 80% and air temperature below 5ºC 
(snow precipitation conditions). 
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Figure  4.13 shows  the  mean  zero  isotherm  calculated  from  the 
common period of sites. It shows how during many of the winter 
and some fall and spring months most of the sites, except Ontalva 
and Alameda, have average freezing temperatures. This concludes 
that this underestimation is potentially occurring at most of the 
observatories and that observations should be used with precaution.
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Figure 4.13. Median, 75th percentile and 25th percentile of elevations of the zero 
isotherm for winter months calculated out of  the temperatures  observed at all 
sites.
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Figure  4.14 shows an estimation of the climograms at every site 
and for the available period. Due to the limitations on observing 
precipitation at this area, monthly totals at these sites using a high 
resolution precipitation model (Sec. 4.4) are shown here.
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Figure 4.14. Mean monthly temperature (TA01, TA02) and precipitation observed (LL01, LL10) and modeled (LMOP) 
at all sites.
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4.2 Climatology of Precipitation at 
Guadarrama4
4.2.1. Main Climatic Characteristics of Precipitation  
at Guadarrama
An Alexandersson homogeneity test (Alexandersson, 1986) has been 
performed  using  Madrid  (Retiro)  observatory  as  the  reference 
station, since this observatory has been shown to be homogeneous 
(Gonzalez-Rouco et al., 2001). Figure 4.15 shows the T value of the 
4This chapter follows closely the publication:  Durán L., E. Sánchez and C. Yagüe (2013).  
“Climatology  of  precipitation over  the  Iberian Central  System mountain range”.  Int.  J.  
Climatol., 33, 2260–2273. DOI: 10.1002/joc.3602 © 2012 Royal Meteorological Society
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Snow fall over Valle de la Umbría as seen  
from Las Suertes, Rascafría.
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t-test  obtained for  the  rest  of  the  observatories.  As  the  critical 
value  for  rejecting  the  null  hypothesis  that  the  series  are 
homogeneous at a 5% confidence level for 22 samples is 7, then it 
can be concluded that the series are homogeneous. 
In Table  4.4, the main statistics for the whole period (1989-2010) 
are shown. As expected, the mean precipitation is much higher over 
the mountainous station (N), with 1229 mm yr-1, meanwhile, both 
sides show values smaller than 600 mm yr-1. Mountainous station 
also  exhibits  larger  spread from year  to  year  (300 mm yr-1),  in 
comparison with the plateau ones (less than 150 mm yr-1). 
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Figure  4.15.  Values  of  T  of  an  Alexandersson  test  for  Colmenar  Viejo  (C), 
Navacerrada  (N),  Segovia  (S)  and  Avila  (A)  using  Madrid  (M)  as  reference 
station. The critical Tvalue for 5% confidence level and 22 samples is 7.
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Table 4.4.Basic annual statistics per observatory.
Madrid Colmenar Navacerrada Segovia Avila
Mean (mm) 427 567 1229 479 418
Median (mm) 435 535 1160 451 401
Standard deviation (mm) 96 158 301 102 108
Maximum (mm) 573 859 2011 812 679
Minimum (mm) 252 354 806 352 243
Table  4.5 also shows the percentage for each of the seasons, with 
around a 30% for spring, winter and autumn, meanwhile summer 
only gives around 10% of the total annual amount. It is remarkable 
how Avila and Segovia show higher summer values than the rest.
Table  4.5.  Percentage  of  total  precipitation  per  season  and  for  Segovia  (S),  
Navacerrada (N) and Colmenar Viejo (C) for the whole period.
S N C
WINTER (DJF) 24 % 31 % 30 %
SPRING (MAM) 29 % 27 % 26 %
SUMMER (JJA) 17 % 9 % 9 %
FALL (SON) 30 % 33 % 34 %
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Figure 4.16 shows the climatic annual cycle of precipitation at the 
five  observatories.  Precipitation at  site  N is  always considerable 
higher than the other stations, as expected due to elevation, with 
an important percentage of solid precipitation (Figure  4.17). It is 
important  to  mention  how  precipitation  shows  a  very  marked 
decrease  from  June  to  September  for  all  observatories.  This 
behavior  is  characteristic  of  the  Mediterranean  climates  that 
dominate most of the IP. Here it is shown how Guadarrama alpine 
climate seems also to be influenced by such annual precipitation 
cycle, resulting in a larger decrease of precipitation during summer 
than other Alpine-like regions (Frei and Schär, 1998). This marked 
difference  between  summer  and  the  rest  of  the  year  might  be 
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Figure  4.16. (a) Mean monthly precipitation at the observatories  for period 1989–2010.  (b) 
Mean monthly precipitation altitude gradients for south side of range (red) and north side of 
range (blue). Navacerrada observatory is shared for both sides calculation.
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caused by the decrease of the advection of humidity from the ocean 
due to synoptic disturbances. Along with this, convective systems 
might  be  less  frequent  compared  with  other  mountain  ranges, 
probably  due  to  the  lack  of  local  sources  of  humidity  at  the 
northern  and  southern  plateau.  It  is  also  remarkable  how  this 
summer minimum starts later in the northern side observatories A 
and S, which show higher precipitation in June.
Maximum precipitation is found in spring in northern side and in 
fall  in  southern  side.  It  is  also  shown how precipitation  during 
summer  months  is  closer  at  all  sites,  which  might  indicate  a 
possible  decrease  in  the  role  of  orography  in  the  production  or 
enhancement of precipitation during this season, probably due to 
the  convective  origin  of  precipitation  during  these  months. 
Regarding N site, precipitation is always considerably higher than 
others, with a shorter summer drought which extends only from 
July to August. Precipitation at  N seems to be the result of the 
phenomena that affects both sides of the range along with its own 
orographic processes.
Figure  4.16(b)  shows  the  vertical  linear  precipitation  gradient 
calculated for every month and for southern and northern side of 
the  range  (N observatory  is  shared  for  both  sides  calculation). 
These gradients would be useful for calculating a simple monthly 
precipitation  atlas  of  the  region  using  a  digital  elevation  model 
(Daly et al., 1994). Here it is calculated just to show differences 
between southern and northern side, and the special behavior of 
June. 
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Figure 4.18 shows the time series anomalies, related to the annual 
climatology,  at  each of  the  five  observatories,  calculated  as  the 
annual mean precipitation minus the whole period mean divided by 
the  standard  deviation  for  the  whole  period.  It  is  shown  how 
precipitation in Gudarrama shows the well-known 1990s persistent 
dry  anomaly  and  the  shift  in  1996  that  affected  the  whole 
Peninsula. This feature has been documented in previous works in 
relation with changes in the tropical North Atlantic Sea Surface 
Temperature  (Rodríguez-Fonseca  and  Castro,  2002;  Rodríguez-
Fonseca  et  al.,  2006;  Losada  et  al.,  2007).  It  is  important  to 
mention that larger anomalies at each observatory are reached at 
different years,  indicating again how large-scale phenomena have 
different impact on precipitation at each side and top of mountain.
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Figure 4.17. Monthly mean precipitation at Navacerrada (N) for the period 1989-
2010. Rain, snow and hail precipitation is also shown.
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Table 4.6 shows the results of a t-test on the monthly averages of 
all possible combinations of pairs of observatories. If marked, the 
sample  means  belong  to  different  populations  with  a  5% 
significance level. It is shown how during most of the year, mean 
precipitation at N is significantly different compared to any of the 
other stations.  However,  all  non-mountainous observatories  show 
equal means except for some months: June, August and February. 
Important  to  mention  is  how  Madrid  and  Colmenar  show 
significant  equal  means  for  all  year  round.  The  same  happens 
between  Avila  and  Segovia.  This  fact  is  used  to  simplify  the 
analysis to observatories S, N and C. S would be representative of 
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Figure 4.18. Annual standardized precipitation anomalies for the observatories. Anomalies are 
calculated by subtracting the annual mean to every year total precipitation and then divided 
by standard deviation for the period 1989–2010.
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the northern side of Guadarrama, N representative of the mountain 
range and C representative of the southern side.
Table 4.6. Results of a t-test on the monthly averages. If marked, it means that  
the  two  mean  values  come  from  distributions  of  different  means  at  the  5%  
significance level.
Sites/Month 1 2 3 4 5 6 7 8 9 10 11 12
S-N X X X X X X X X X
C-N X X X X X X X X X X X
S-C X
In  such  complex  orography,  density  of  stations  would  not  be 
enough to perform a spatial interpolation as done by other authors 
(Daly et al., 1994; Frei and Schär, 1998; Kyriakidis et al., 2001; 
Marquínez et al., 2003; Guan et al., 2005). Nevertheless, in order to 
have  an  idea  of  the  spatial  extent  of  the  rain  episodes,  eight 
different spatial precipitation sizes are defined using precipitation 
from S,  N and C; considering all the possible combinations of wet 
and dry days at each observatory (wet day is defined as a day with 
a precipitation higher than 0.1 mm d−1). Classes are shown in Table 
4.7. Each of these classes represent the minimum known size of the 
rain event. For example, a day classified as ‘SNC’ would mean that 
rain was observed that day at the three observatories: S, N and C. 
Not much is known about the exact precipitation field, but at least 
it is sure that daily rain field has a minimum size equal to the 
distance from S to C. 
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Table  4.7.  Definition  of  spatial  precipitation  patterns  according  to  the  
observatories that record simultaneously daily precipitation
Pattern Rain at S Rain at N Rain at C
SNC YES YES YES
SNo YES YES NO
oNC NO YES YES
oNo NO YES NO
Soo YES NO NO
ooC NO NO YES
SoC YES NO YES
ooo NO NO NO
Results using this classification are shown in Figure  4.19 for each 
season. Around half of the days during winter, spring and fall are 
wet days (rain at least at one of the three sites: all patterns but 
‘ooo’) in Guadarrama. Of these wet days, only half of them, rain 
falls simultaneously at the three sites (SNC). The rest of wet days, 
rain falls at only two sites or one site. When rain falls at only two 
sites, these sites are adjacent. Except in summer, with just 37% of 
occurrence, broad rain pattern (SNC) becomes the most frequent 
pattern being around 50% of all the wet days. The second most 
frequent pattern, except in summer, is rain only at the top of the 
mountain and at northern side of the range (‘SNo’), followed very 
closely  in  frequency  by  rain  only  on  the  top  of  the  mountain 
(‘oNo’),  with  an  almost  constant  frequency  all  the  year  round. 
North side and top pattern (‘SNo’) is more frequent than South 
side and top pattern (‘oNC’). Considering that monthly rain means 
(Figure  4.18) are higher during winter, half spring and fall in the 
southern side, rain episodes are less frequent in the South side but 
with higher amounts. Rain at only one side of the range (‘Soo’ or 
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‘ooC’)  is  very  infrequent,  except  in  summer.  These  wet  days, 
without rain on the top of the mountain, might be associated to 
local convective storms, that can be related to temperature changes 
associated to mountain conditions. Frequency of rain at both sides 
of the mountain but with no rain on the top (‘SoC’),  is almost 
negligible, confirming the consistency of this simple classification. 
This pattern classification is also dependent on the direction of the 
fronts that arrive to Guadarrama, as it will be shown on the next 
section.
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Figure  4.19. Spatial precipitation patterns frequencies (left) and spatial precipitation 
patterns frequencies for wet days (right).
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4.2.2 Relationship Between Precipitation and Humid  
air Masses Reaching Guadarrama.
Precipitation is the result of a set of conditions in the atmosphere 
that lead the water vapor to condense and form droplets (clouds) 
that eventually reach the ground. Sometimes these conditions are 
reached in  a  very  short  time  and space,  like  thermally  induced 
storms, but others, these conditions depend in the state of a very 
large  portion  of  the  atmosphere  with  an  origin  of  hundreds  of 
kilometers away from where precipitation takes place. 
Advection  of  humid  air  masses  over  continents  is  an  essential 
source  of  precipitation  at  extratropical  latitudes.  One  way  to 
analyze advection of humid air masses consists is to study the flux 
of  water  vapor  in  the  atmosphere  (Rasmuson,  1968).  Specific 
humidity and wind velocity integrated from surface  to  200 hPa 
levels have been used to calculate horizontal total column water 
vapor flux (TCWVF) using Eq. (3.1), Eq. (3.2) and Eq. (3.3).
Figure  4.20 shows  the  Pearson  linear  correlation  coefficients 
between  the  monthly  precipitation  anomalies  at  the  three 
observatories and monthly TCWVF anomalies for each grid point 
in order to analyze the relationships between moisture advection 
and precipitation at Guadarrama. Not significant correlations are 
neglected  after  applying  a  t-test  with  95% confidence  level  and 
monthly  anomalies  of  TCWVF  at  every  grid  point  and 
precipitation anomalies at the observatories have been calculated. 
Anomalies are computed subtracting to the monthly value at each 
particular  year,  the  climatological  monthly  mean,  dividing  the 
result by the climatological standard deviation (These are known as 
standardized anomalies). It is noticeable the great correlation found 
between  TCWVF  and  precipitation  anomalies  at  the  three 
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observatories for all year around except  summer. Correlation maps 
for N show positive values during most of the year, indicating that 
an anomalous higher flux of water vapor into IP is connected to a 
anomalous  increase  of  precipitation.  Maxima  is  located  in  the 
sourthern  part  of  IP,  this  only  indicates  that  the  anomalies  of 
TCWVF at that grid point are highly correlated with precipitation 
anomalies. This means that it would be a good predictor, but does 
not  give  any  physical  cause-effect  connection.  These  anomalies 
might be associated with the main teleconnection pattern affecting 
IP, like NAO and others (Rodriguez-Puebla et al., 1998; Serrano et 
al., 1999; Goodess and Jones, 2002; Rodriguez-Fonseca and Serrano, 
2002; Muñoz-Díaz and Rodrigo, 2004; Trigo et al., 2004; Gallego et 
al.,  2005).  Southern observatory behaves slightly different.  Here, 
correlation  maps  are  shifted  to  the  south  and  a  dipole  pattern 
shows for in Febreuary, July and October. These dipole patterns 
are formed when a band shape flux is shifted to the south parallel 
to  its  initial  trajectory,  leaving  northern  part  with  a  deficit  in 
relation with climatology and an increase in the the southern part. 
Mountain observatory, N, shares behavior with C at the beginning 
of summer of winter but does it with S for the end of summer. All 
these  results  confirm  the  important  Atlantic  forcing  affecting 
precipitation at Guadarrama. TCWVF seem to be reaching the IP 
with a great variety of shapes leading to a complex flow as a result 
of the  synoptic configuration. 
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4.2.3 Average Atmospheric Conditions of the Air Masses that  
Lead to Precipitation at Guadarrama
An added value of having the reanalysis data is that it is possible 
to analyze the mean conditions of the advected air masses before 
they reach the mountain range and before orographic precipitation 
processes  occur.  In  order  to  understand  the  conditions  of  these 
masses the following variables are analyzed upwind the mountain 
range: TCWVF, surface temperature, relative humidity at 950 hPa 
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Figure 4.20. Pearson correlation coefficient maps between monthly TCWVF anomalies at each grid 
point and monthly precipitation anomalies at northern side obseratory (a), mountain top (b) and 
southern side observatory (S). Only significant correlations are shown.
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and wind speed and direction sector. The level of 950 hPa has been 
chosen since it is the average pressure level of the plateau. 
Figure  4.21 shows box plot diagrams for relative humidity at 950 
hPa  (the  rest  of  plot  diagrams  are  not  shown).  Left  box 
corresponds  to wet  days  and right  box  to  dry  days.  From this 
figure seems easy to infer that the two populations (wet and dry 
events) are significantly different, since the notches do not overlap. 
Similar results are obtained for the rest of variables such relative 
humidity at low levels, surface temperature and wind (not shown).
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Figure 4.21. Box plot of relative humidity at 950 hPa and precipitation for all sites 
and seasons.
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Table  4.8 summarizes  the  results  obtained  for  every  site  and 
season.  This  table  summarizes the mean conditions of  the  main 
variables found in the air masses that reach Guadarrama and lead 
to precipitation (for wet days). As expected,  precipitation seems to 
be very related with advection of air masses transporting moisture 
from  the  Atlantic  as  seen  in  the  significant  different  values  of 
TCWVF  for  wet  and  dry  days.  This  points  out  orographic 
precipitation as the main phenomena in Guadarrama precipitation. 
This is confirmed by the differences found in the relative humidity 
of air advecting at 950 hPa for wet and dry days, specially during 
fall. Relative humidity is a very sensitive variable for orographic 
precipitation  models,  specially  for  low TCWVF (Barstad  et  al., 
2007).  Relating  wind  direction,  it  is  remarkable  how  the  main 
sector for wet days at site S is always west except in summer. On 
the other  hand,  main  wind sector  for  wet  days  at  C is  always 
southwest. The simplicity of this classification scheme makes robust 
the idea of precipitation at Guadarrama being highly dependent on 
wind direction at medium levels of the troposphere. 
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Table  4.8.  Significant  medians  of  ERA-Interim  variables  closely  related  to  
orographic precipitation for wet (W) and dry  (D) days at the three observatories.
Season Site Kind Upwind 
TCWVF
 (kg m-1 s-1)
Upwind Surface 
Temperature
 (ºC)
Upwind Relative  
Humidity at  
950hPa
(%)
 Wind Sector and 
speed at 850 hPa 
(m s-1)
WINTER
S
W 165 6 86 W (6.16)
D 69 5 76 N (1.1)
N
W 152 6 84 W (4.9)
D 60 5 75 N (1.26)
C
W 165 6 86 SW (6.0)
D 71 5 76 W(1.6)
SPRING
S
W 141 11 71 W (4.15)
D 78 12 55 SW (0.7)
N
W 135 11 69 W (3.74)
D 73 13 54 N (0.8)
C
W 144 11 72 SW (4.14)
D 80 13 56 NW (1.1)
SUMMER
S
W 143 21 49 SW (2.5)
D 100 24 38 W (1.1)
N
W 139 21 49 SW(2.3)
D 100 24 38 W(1.2)
C
W 142 21 49 SW(2.2)
D 102 24 38 W(1.3)
FALL
S
W 199 12 76 W (5.7)
D 95 15 59 NW (0.6)
N
W 190 12 75 SW (5.0)
D 87 15 58 N (0.66)
C
W 206 13 77 SW (5.9)
D 99 14 60 NW (1.16)
In order to illustrate this directional dependency, Figure 4.22 shows 
rain-roses  for  the  four  seasons  and  the  three  sites.  Here,  wind 
direction is divided in eight sectors containing three filled sectors 
representing accumulated precipitation at each observatory.  This 
graphs are useful since they show the relationship between wind 
direction and seasonal total precipitation. Most of the precipitation 
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at  the  three  observatories  come  from  ‘southwest  sector’, 
nevertheless ‘west sector’ is relevant for  S while ‘south sector’ is 
relevant for C. Taking into account the axis of Guadarrama massif, 
a  rain  shadow effect  might  be  the  cause  of  differences  between 
different  sides  of  the  range.  Again,  it  seems  like  site  N shares 
behavior of both sides and is less wind direction dependent. The 
mountain range would be drying the air masses that travel from 
the Atlantic inland, sometimes these air masses have a more west 
component  giving  precipitation  at  the  windward  side  of  the 
mountain, in this case the northern side, and the top of the range; 
and sometimes with a more south component giving precipitation 
at the southern side and top.
These  results  reinforces  the  need  of  a  combination  of  tools, 
modeling and high density measurements, if a reliable assessment of 
precipitation  is  wanted  for  such  complex  orography.  Specific 
orographic precipitation models are very convenient in these cases 
since they allow the use of higher spatial resolutions, consideration 
of more complex precipitation phenomena and longer time domains 
with  many  resolution  (Barstad  et  al.,  2008).  These  models  are 
sensitive to boundary conditions and respond differently to changes 
in wind speed and direction, relative humidity, surface temperature 
and other variables related with orographic precipitation.
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Figure  4.22.  Rain-roses  for  the  four  seasons.  Gray  shaded  sectors  represent 
seasonally accumulated rain for 850 hPa wind coming from each sector.
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4.3 Water Vapor Flux Patterns and 
Precipitation at Guadarrama5 
Figure  4.23 (bottom panel) shows the climatological fields of the 
Total Column Water Vapor Flux (TCWVF) for every season and 
period of study. As expected, a zonal flux from the west is affecting 
the  IP  for  all  seasons  and  after  an  EOF analysis  of  the  daily 
anomalies, three of these EOFs have shown to be accounting for 
more than 70% of variance and fulfill the North criteria (North et 
al., 1982) for all seasons. Overall, the flux pattern is significant in 
5This  section  follows  the  publication:  Durán  L.,  Rodríguez-Fonseca,  B.,  Yagüe,  C.  and  
Sánchez, E. (2015). “Water vapour flux patterns and precipitation at Sierra de Guadarrama  
mountain range (Spain)”. Int. J. Climatol., 35, 1593-1610. DOI: 10.1002/joc.4079
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Orographic clouds formed along the valley as seen from home.
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all  the spatial  area,  which means that the PCs are significantly 
correlated with the time series of all points represented. 
The first EOF represents the same flux pattern in the whole region, 
with a zonal West-East flux of  water vapor over the Peninsula. 
Taking into account that the TCWVF climatology of the Peninsula 
represents a westerly flow (Figure 4.23, bottom panel), the leading 
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Figure 4.23. First three Empirical Orthogonal Functions of total column water vapor flux 
(TCWVF) that  account  for  more  than 70% of  variance  during all  seasons  along with 
climatology. Arrows represent flux vectors and tags are some values of the magnitude of 
the vector for a better interpretation. Units:  g cm-1s-1
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EOF represents a weakening or an enhancement of the climatology. 
Regarding EOF2 and EOF3, they represent rotational circulations 
with centers of actions in the western region (Atlantic)  and the 
northern region. Positive (negative) scores of PC2 will be associated 
with  anomalous  cyclonic  (anticyclonic)  flux  of  moisture  injected 
from the southwest (northeast). Positive (negative) scores of PC3 
will  be associated with anomalous anticyclonic (cyclonic) flux of 
moist injected from the north (Mediterranean).
Then, the PCs daily values have been used to perform a k-means 
clustering, allowing to establish a single flux pattern for every day. 
In order to find an equilibrium between not many Water Vapor 
Flux Patterns (WVFP) and a clear differentiation between wet and 
dry ones, a number of 7 flux patterns have been chosen according 
to results obtained applying Eq.  3.5 and analysis of Figure  4.24. 
Here is evident how significant scores are obtained after 3 clusters, 
but seven are chosen since the improvement for fall is noticeable.
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Figures  4.25 to  4.35 show the seven flux patterns  found for  all 
seasons  along  with  an  example  of  a  day  analysis  chart.  These 
figures  show  the  TCWVF  vector  maps  of  their  corresponding 
centroids  (panel  A) along with  a shaded map of  isolines  of  the 
magnitude  of  the  vector  with  some  labels  for  clearness.  Also, 
composite  maps  for  each  flux  pattern  of  MSLP (panel  B)  and 
500hPa  geopotential  height  anomalies  (panel  C)  are  shown  for 
synoptic  interpretation  and  relation  with  relevant  known 
teleconnection patterns. The similar structures found for all seasons 
at surface and at higher levels, in some way, confirm the suitability 
of keeping the same number of clusters even though some of them 
will  not  show  the  same  relevancy  among  seasons,  in  terms  of 
contribution to precipitation.
It is remarkable how five of these seven weather types are similar 
to those found by Santos et al. (2005) for winter, even though the 
predictant  field  used  here  is  TCWVF,  along  with  other  small 
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Figure  4.24. Value obtained of the information criterion function used for this 
study in the determination of optimal number of clusters. Graph shows results for 
two to ten clusters and for every season.
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differences in the methodology and the different precipitation data 
used.
Next sections describe more deeply each WVFP and their relation 
with observations. Also an analysis chart for some days under wet 
patterns is also shown.
4.3.1 Cyclonic Flux (CF)
Figure  4.25 shows the spatial  structure of the first flux pattern, 
together with the associated composites of MSLP (panel B) and 
anomalous 500 hPa geopotential height (panel  C) for all  seasons. 
The pattern is characterized by westerly fluxes, maximum in the 
western part of the IP. The associated MSLP pattern presents a 
minimum  of  pressure  over  British  Islands  and  a  maximum  on 
northwestern  Africa.  This  MSLP pattern  represents,  in  medium 
tropospheric levels, an anomalous structure with a minimum north 
of  the  IP,  indicating  a  decrease  of  pressure  under  this  flux. 
Consequently it has been called Cyclonic Flux (CF) since it seems 
to be an average of a set of cyclonic systems traveling from the 
west and passing between the British Isles and the IP. Its structure 
is  very  similar  to  the  one  obtained for  winter  by  Santos  et  al. 
(2005) but with slight differences, like a more southeastern location 
of the lower MSLP center pressure field (Figure 4.25, panel B) as a 
consequence of a more eastern location of the observatories and the 
application  of  Eq.  3.5.  The isolated averaged center  of  negative 
anomalies of the geopotential field at 500 hPa (Figure  4.25, panel 
C), reinforces this cyclonic pattern along with a high pressure over 
Azores as shown in the MSLP composite maps (Figure 4.25, panel 
B). 
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Figure  4.25. Panel A shows mean total column water vapor flux (TCWVF) for days 
under Cyclonic Flux  (CF). Arrows represent the vector flux and the vector magnitude is 
sometimes shown with tags for better interpretation in g cm-1s-1. Panel B shows mean sea 
level pressure composite maps for those days in hPa.
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The strength of the pattern is higher in winter, followed by fall. 
The location of the maximum fluxes varies from one season to the 
other, with a maximum in the northern IP in summer and over the 
south in fall.
As a consequence of the positive cyclonic vorticity, high winds on 
their southern flank are able to transport cold and dense air from 
the  North  Atlantic  that  can  hardly  mix  with  the  warmer  and 
humid air masses over Azores. These air masses would be pushed 
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Figure  4.26. Analysis chart for October 20th of 2004 (Courtesy of Met Office, UK). 
This is a day under CF with a set of  cyclones traveling between the British Isles and 
the Iberian Peninsula and generating on their southern flank cold fronts that swap 
the Iberian Peninsula. 
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towards  east,  forming  consecutive  cold  fronts  that  are  after 
launched over the IP with almost a west to east direction when 
reaching Guadarrama. This  process  is  very effective in terms of 
TCWVF (Figure 4.25, panel A) if compared the average fluxes for 
this WVFP with the seasonal means (Figure  4.23, panel D), and 
the  frontal  structure  can  explain  the  marked  zonal  gradient  of 
TCWVF.
This efficient transport of TCWVF and the frontal development 
causes  a  high  probability  of  precipitation,  as  found  for  all 
observatories and seasons (Table 4.9), especially in winter and fall. 
The contribution of this WVFP to total precipitation is also high 
for all observatories and seasons, especially in spring and fall. The 
precipitation processes under this WVFP are mainly related with 
the thermodynamics of the cold front, and the orography would be 
enhancing the processes due to an extra adiabatic cooling, as shown 
by much higher precipitation rates at mountain top (N) than those 
found at S and C during all seasons except in summer (Table 4.9). 
This WVFP is not very frequent, around 10% for all seasons, due 
to the high traveling velocity of cyclones and its low persistence 
(Table  4.9),  but  it  is  clear  that  their  contribution  to  total 
precipitation at Guadarrama is crucial. This WVFP evolves mainly 
to NAO-F for all seasons and WF except in winter (Table 4.9).
Figure 4.26 shows an analysis chart for October 20th of 2004. This is 
a  day  under  CF with  a  set  of   cyclones  traveling  between the 
British  Isles  and  the  Iberian  Peninsula  and  generating  on their 
southern flank cold fronts that swap the Iberian Peninsula. This 
day, precipitation at S was 18.8 mm,  at N was 16 mm and  at C it 
was 1mm.
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4.3.2 West Flux (WF)
Figure  4.27 displays  the  second  WVFP  found,  which  is  also 
characterized  by  westerly  fluxes.  Nevertheless,  in  this  case  the 
fluxes  are  maximum  north  of  the  IP,  in  association  with  a 
maximum  MSLP  gradient  between  the  IP  and  British  Islands 
(panel  B)  corresponding  to  a  dipolar  500  hPa   geopotential 
anomalies pattern (panel C) related to a northward displacement of 
the circulation. It has been called West Flux (WF, Figure  4.27, 
panel A) and its structure is very similar to the one obtained for 
winter by Santos et al. (2005).
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Figure 4.27. As Figure 4.25 but for West Flux (WF)
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The configuration of high and low pressures (panel B) translates 
into  an  efficient  TCWVF,  which  is  considerable  higher  than 
climatology (Figure  4.23),  but this time, the flux hardly reaches 
Guadarrama.  The  high  pressure  system  over  Azores  presents  a 
different  influence  depending  on  the  season.  In  fall  the  high 
pressure over Azores is weaker, opening a north west corridor that 
brings TCWVF to Guadarrama and producing some precipitation 
at S and N (Figure 4.27, panel A bottom), not much in C, probably 
enhanced due to orographic forcing. This is the only season and 
observatories  for  which  this  WVFP could  be  considered  as  wet 
since it accounts for a 16% and 14% of fall total precipitation and 
showing a probability of precipitation of 58% and 72% (Table 4.9). 
In summer, the probability of precipitation for this WVFP  is one 
of the lowest for all stations (7%, 11% and 4% for  S,  N and  C 
respectively),  (Table  4.9)  even  though  TCWVF  over  IP  is 
considerable  higher  than  climatology  (Figure  4.23).  This,  along 
with the fact that the frequency of this WVFP is high in summer 
(14%), makes this WVFP one of the potential contributors to the 
summer drought (Figure 4.18). 
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It  seems like under this WVFP, and only in fall,  the mountain 
range would be playing a drying role over the air masses that go 
through Guadarrama, being the southern side of the range in the 
rain  shadow.  Obviously  this  will  have  to  be  checked  using 
convenient tools,  like modeling.  For the rest  of  the seasons and 
observatories  this  WVFP can  be  considered  as  moderately  dry, 
even though it shows a considerable probability of precipitation in 
winter and spring, 57% for winter and 33% for spring at N, but its 
contribution to total seasonal precipitation is quite small, 7% and 
3% respectively with low precipitation rates (Table 4.9). Half of the 
days  under  this  WVFP  precipitation  is  not  zero  at  N,  but 
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Figure  4.28.  Analysis  chart  for  October  3rd of  2007.  This  was  a  day  with  WF 
(Courtesy of Met Office, UK). 
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contribution  to  total  precipitation  is  very  small  with  very  low 
precipitation rates. This constant but slight precipitation might be 
suggesting how this WVFP favors the formation and crossing of 
not very active warm fronts, but this would need further research.
This  WVFP  usually  evolves  to  NAO+F  and  NWF,  except  in 
winter that very often evolves to CF (Table Error: No se encuentra
la fuente de referencia).
Figure  4.28 shows an analysis chart for October 3rd of 2007. This 
was a day with WF and precipitation at S was 8.8 mm, at N was 
27.4  mm and  at  C was  6.8  mm.  Here  a  set  of  cyclones  were 
traveling from west to east with permission from the Azores high 
that this time let the flux to reach Guadarrama, something that is 
more frequent in fall.
4.3.3 NAO- Flux (NAO-F)
Figure 4.29 shows what has been called NAO- Flux (NAO-F) since 
it  shows  a  pattern  of  a  north-south  dipole  on  the  500  hPa 
geopotential height anomalies (Figure 4.29, panel C) typical of the 
negative index of the North Atlantic Oscillation (NAO), and very 
similar to the one obtained in winter by Santos et al. (2005) which 
was  highly  correlated  with  a  negative  phase  of  the  NAO.  The 
frequency of this WVFP is roughly constant, around 15% (Table 
4.9). The negative center over the southern IP (panel C) could be 
interpreted as an enhancement of the number of cyclones crossing 
that area, which weaken the climatological behavior of the region. 
The TCWVF is, thus, maximum over the southern half of the IP, 
producing 30% of total seasonal precipitation for all observatories 
and seasons except in fall where precipitation contribution to total 
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decreases  considerably,  especially  in  N and  C (Table  4.9).  This 
WVFP brings  warmer  tropical  Atlantic  humidity  air  in  spring, 
summer and fall, but colder north Atlantic air masses in the winter. 
The MSLP pattern presents a minimum gradient between subpolar 
and subtropical pressure centers which is more marked in winter, 
confirming the NAO- identification. It is remarkable how important 
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Figure 4.29. As Figure 4.25 but for NAO- Flux (NAO-F)
Chapter 4. Results
is this WVFP for summer precipitation, when it becomes the main 
contributor  to  total  precipitation  showing  about  30%  for  all 
observatories  (Table  4.9).  Under  this  flux  TCWVF  is  slightly 
higher than climatology (Figure 4.23, bottom) but the combination 
of this maritime and humid air from northern Atlantic might be 
favoring  the  development  of  convective  systems  when  passing 
through the heated land of the plateau.
This  WVFP evolves  mainly  to  EF  (described  later)  and  NWF 
(described later) for all seasons, as shown in Table  Error: No se
encuentra la fuente de referencia.
Figure 4.30 shows an analysis chart for the 2nd of December of 2006. 
a day with NAO-F precipitation at S was 5.9 mm, at N was 15.2 
mm and at C was 9.1 mm. It can be seen how a succession of low 
pressure systems were throwing frontal systems across the IP on 
their way to the east. Next day, precipitation was 2.4 mm, at  N 
was 15.2 mm and at C was 9.1 mm.
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Figure 4.30. Analysis chart for December 2nd of 2006 a day with NAO-F (Courtesy of 
Met Office, UK). 
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4.3.4 NAO+ Flux (NAO+F)
Figure  4.31 shows what  has been called NAO+ Flux (NAO+F) 
since  the  geopotential  height  shows  an  anomalous  north-south 
dipole at 500 hPa (Figure  4.31, panel C) typical of the positive 
phase of the North Atlantic Oscillation (NAO) for all seasons. This 
pattern is very similar to the one obtained in winter by Santos et 
al. (2005) which was highly correlated with a positive phase of the 
NAO. 
MSLP  maps  show  an  enhancement  of  the  Azores  anticyclone 
together with a weakening of the Icelantic low, producing a strong 
pressure gradient which is maximum north of the IP. The strong 
Azores  high  covers  the  IP  territory  blocking  the  advection  of 
humidity towards the IP. Thus, probability of precipitation under 
this flux is very low for all observatories and seasons, especially in 
summer, not even favoring the development of convective storms 
due to the very little content of humidity of the air and the absence 
of significant local sources of humidity at the almost arid plateau 
lands in summer. This is clearly a clear contributor for the summer 
drought (Figure 4.18) since its contribution of this WVFP to total 
precipitation is  almost  negligible,  below 6% for  all  observatories 
and seasons.
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This WVFP does not show a marked evolution to other WVFPs 
(Table Error: No se encuentra la fuente de referencia) except in fall 
that often evolves to SWF.
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Figure 4.31. As Figure 4.25 but for NAO+ Flux (NAO+F).
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4.3.5 East Flux (EF)
Figure  4.32 shows a flux characterized by a maximum TCWVF 
coming from the east, and, thus, it has been called Eastern Flux 
(EF). This flux is the most frequent for all seasons, 31% in winter, 
22% in spring, 18% summer and 23% in fall. This weak east to west 
flow  when  reaching  Guadarrama  is  due  to  an  extended  high 
pressure  system  on  Center  Europe  that  originates,  due  to  the 
anticyclonic circulation, a flow of cold and dry air of continental 
origin. These air masses are generally very cold in winter. TCWVF 
is  low and the  contribution to total  precipitation  is  one of  the 
lowest for all observatories and seasons except summer (Table 4.9), 
when the development of  a  high  pressure  conditions  over  north 
Africa forces a humidity flux from the Mediterranean through the 
mountain range, favoring the formation of convective storms. The 
anomalous geopotential height presents one remarkable center over 
central  Europe,  with  no  marked  change  in  the  Icelandic  low, 
resembling  the  Atlantic  Ridge pattern in  Guemas et  al.  (2010). 
Again this pattern is very similar to the one obtained in winter by 
Santos et al. (2005) for Portugal.
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This WVFP show a variety of preferred transitions depending on 
the season (Table  Error: No se encuentra la fuente de referencia). 
Transitions  to  NWF is  common in  winter,  spring  and  summer, 
transitions to NAO-F are frequent in spring and summer,  while 
common transitions to SWF are in fall.
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Figure 4.32. As Figure 4.25 but for East Flux (EF).
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4.3.6 South-West Flux (SWF)
Figure  4.33 shows what has been called South West Flux (SWF) 
This structure is similar to CF, but here the center of action of the 
cyclone is displaced south west of IP due to development of a high 
pressure  system in  Center  Europe  that  is  more  accused  in  fall 
(Figure  4.33,  panel  B).  At  500  hPa,  the  geopotential  anomalies 
(Figure 4.33, panel A) present negative scores, in accordance with 
an  effective  anomalous  advection  of  TCWVF  coming  from  the 
South West of the IP. These facts have found to be crucial in terms 
of precipitation, since it forces the advection of warm and humid 
air masses from the Atlantic to be constrained into a very narrow 
band. This phenomena is similar to those found by other authors in 
other parts of the world, like in the American northwestern coast 
(Neiman et al., 2008; Warner et al., 2012), whith a similar negative 
anomaly of pressure on high levels, as shown in the Z500 anomalies 
map, surrounded by a positive anomaly on the west, forming what 
are  usually  called  atmospheric  rivers  (Zhang  et  al.,  2008; 
Rasmussen et al., 2012; Lavers and Villarini, 2013; Durán et al., 
2015).  This  name  comes  from the  fact  that  a  huge  amount  of 
precipitable water is contained in a very narrow band. This very 
localized advection of  humidity is  transformed into precipitation 
due to adiabatic cooling when forced orographically to lift.  This 
process starts right after the flux enters the IP and gains altitude 
when  traveling  through  the  South  IP  plateau  producing 
considerable  amounts  of  precipitation  in  a  short  time  that 
sometimes turns into floods in the flat areas.
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This WVFP is not very frequent, 7% in winter, 10% in spring, 13% 
in summer and 9% in fall, but it is responsible of a great amount of 
the total precipitation at N (28% in winter, 24% in spring) and C 
(38%  in  winter,  30%  in  spring).  Observatory  S show  lower 
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Figure 4.33. As Figure 4.25 but for South West Flux (SWF).
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precipitation compared to  N and  C, maybe due to fact that this 
observatory is located downwind of the mountain range. On the 
other hand, values observed at observatory C, on the upwind side 
of the range, are very high and someway confirm the orographic 
character of this kind of precipitation that shows also high average 
precipitation rates, with 20 mm day-1 and 14 mm day-1 for  N in 
winter and fall respectively, and 12 mm day-1 and 10 mm day-1 for 
C in winter and fall respectively. For S, precipitation rates drop to 
5 mm day-1 (fall) and 4 mm day-1 (winter) (Figure 4.9).
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Figure 4.34. Analysis chart for March 27th of 2003, a day with SWF (Courtesy of Met 
Office, UK).
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This  WVFP  shows clear  evolutions  to  CF and NAO-F for  all 
seasons  as  shown in Table  Error:  No se  encuentra la  fuente  de
referencia.
An example of a day under this WVFP is presented in Figure 4.34 
for March 27th of 2003. Here an analysis chart is shown, where a 
system  of  high  pressure  developed  over  Central  Europe  is 
narrowing the flux of humidity associated to a set of fronts in the 
southern flank of a couple of low pressure systems with their center 
of action located in a relatively low latitude. This concentrates the 
flux of humid and warm air from southern Atlantic to go through 
IP and leading to important precipitation as this flux travels north 
through  the  plateau  and  then  through  Guadarrama.  Here 
precipitations are noticeable at the windward observatory, C, with 
27.7 mm. Precipitation at N was 26.4 mm and 6.3 mm at S, which 
is downwind observatory under this flux.
4.3.7 North West Flux (NWF)
Figure  4.35 shows what has been called North West Flux (NWF) 
due to a TCWVF advecting the IP from the northwest (Figure 
4.35, panel C) and shows a frequency from 16% (summer) to 14% 
(winter and spring) (Table 4.9). This flux is the consequence of an 
anomalous strengthening of the Azores high in north and western 
directions,  and  the  existence  of  a  depression  in  Center  Europe 
(Figure  4.35, panels B and A respectively). In summer, the high 
pressure  system is  more  spread over  the  north,  producing flows 
over  Guadarrama with  a  clearer  north  to  south component.  As 
expected, the TCWVF is decreasing along its way along the IP an 
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drying due to precipitation at the northern mountain ranges of the 
IP.  Thus,  this  flux  seems to  be  much less  efficient  in  terms of 
precipitation when reaching Guadarrama, probably due the lack of 
enough humidity content. 
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Figure 4.35. As Figure 4.25 but for North West Flux (NWF).
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This  flux  could  be  considered  as  a  dry  one  due  to  the  small 
contribution  to  total  precipitation  for  almost  all  seasons  and 
observatories  (Table  4.9).  Nevertheless  there  are  two  noticeable 
exceptions. The first is the precipitation observed at  S in winter, 
which shows a contribution of 12% (Table  4.9). This is probably 
due to the fact that this observatory is located upwind from the 
northwestern  flux,  and under  this  situation  the  mountain range 
would be acting as  a  drying factor.  A second exception is  that 
precipitation at C in summer under this flux which contributes for 
almost a 20% of the total, showing also the highest precipitation 
rates (Table  4.9).  It  seems like this flux, in summer,  favors the 
convection processes  providing enough TCWVF with a northern 
origin  due  to  the  northern  displacement  of  the  high  pressures. 
Under  this  situation,  since  C is  downwind,  the  mountain range 
could be acting now as a triggering factor of convective systems 
forcing the  air  masses  to  ascend through it.  Obviously this  will 
have to be checked with further research.
This WVFP shows clear transitions to EF for all seasons (Table 
Error: No se encuentra la fuente de referencia), and to NAO+F, 
specially in fall.
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Table  4.9.Frequency of occurrence of each pattern (bold for values higher or equal than  
15%), persistence (bold for values higher than 2 days), probability of precipitation (bold for  
values higher than 50%), contribution to total seasonal precipitation (bold for values higher  
or equal than 15%) and precipitation rate (bold for values higher or equal than 10 mm day-
1) at every site and for every season.
Frequency 
(%)
Persistence
(days)
Probability  of  
precipitation (%)
Contribution to 
total  
precipitation (%)
Precipitation 
Rate
(mm day-1)
Pattern/ Site S N C S N C S N C
WINTER
CF   8 1.9  88  98  85  29  22  23   5  12   6
WF   8 1.8  45  57  37   8   7   3   3   7   2
NAO-F  15 2.3  61  75  54  26  25  24   4  10   6
 NAO+F  12 1.9  27  30  28   6   4   5   2   4   3
 EF  31 3.6  10  21  13   5   5   4   2   3   2
SWF   7 2.0  62  79  83  14  28  38   4  20  12
NWF  19 1.9  33  44  19  12   9   3   2   5   2
SPRING
CF  13 1.5  76  82  63  31  29  24   5  10   5
WF   8 1.9  22  33  14   3   3   1   3   4   2
NAO-F  16 2.1  67  77  56  34  28  29   5   8   5
 NAO+F  12 2.0  10  14   8   3   2   2   4   4   3
 EF  22 2.8  14  19  15   8   6  11   4   5   5
SWF  10 2.0  60  73  67  16  24  30   4  12   7
NWF  19 2.0  19  31  12   6   7   3   2   4   2
SUMMER
CWF   8 1.7  29  35  20  18  20  13   6   8   4
WF  14 2.0   7  11   4   5   6   3   4   4   2
NAO-F  14 2.1  34  39  24  31  31  28   6   6   4
 NAO+F  16 2.0   7   7   3   3   3   4   3   3   5
 EF  18 2.9  21  25  17  23  20  20   5   5   4
SWF  13 1.8  17  19  15  14  13  13   6   6   4
NWF  16 2.0   7  12   8   5   8  19   4   5   8
FALL
CF  10 1.8  90  96  88  37  38  40   7  19  10
WF  11 1.9  58  72  39  16  14   7   4   8   3
NAO-F  17 2.1  45  54  32  19  14  12   4   7   5
 NAO+F  12 1.8  23  28  21   5   6   5   3   7   4
 EF  23 3.1  14  21  14   7   8  10   3   7   7
SWF   9 2.1  47  64  58  12  18  24   5  14  10
NWF  18 2.0  12  19   6   3   2   2   2   2   3
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Table 4.10. Transitions in % between weather regimes for all seasons. Transitions  
are from WVFP on the rows to WVFP on the columns. For clearness transitions  
equal or higher than an arbitrary limit of 25% are shaded and values are rounded  
to closest integer.
WINTER
to:  CF WF NAO-F NAO+F EF SWF NWF
From: CF 22 34 10 2 15 17
WF 25 12 28 4 1 30
NAO-F 9 10 7 30 10 35
NAO+F 19 19 2 24 18 19
EF 2 4 22 22 22 28
SWF 47 11 26 2 13 1
NWF 7 17 21 22 33 1
SPRING
to:  CF WF NAO-F NAO+F EF SWF NWF
From: CF 27 27 15 1 12 20
WF 22 10 25 1 4 37
NAO-F 8 6 3 34 11 38
NAO+F 20 23 4 12 19 23
EF 4 1 26 18 25 26
SWF 33 7 27 14 14 6
NWF 5 20 16 23 33 4
SUMMER
to:  CF WF NAO-F NAO+F EF SWF NWF
From: CF 26 31 11 1 10 21
WF 22 11 33 2 3 30
NAO-F 10 6 3 41 8 32
NAO+F 22 15 7 15 20 23
EF 0 3 28 18 21 31
SWF 39 8 21 13 17 2
NWF 7 23 14 23 32 1
FALL
to:  CF WF NAO-F NAO+F EF SWF NWF
From: CF 26 37 9 2 11 14
WF 24 13 26 3 2 33
NAO-F 7 3 4 35 7 44
NAO+ 17 18 1 18 25 20
EF 3 1 23 20 29 23
SWF 37 7 25 15 14 3
NWF 4 18 13 31 33 1
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4.4 Physical Modeling and Assessment 
of Precipitation at Guadarrama
The objective of this sections is to show the results obtained after 
doing 6 hour simulations of precipitation from 1990 to 2013 using 
LMOP with 200 m spatial resolution of Guadarrama. This is a new 
scenario for LMOP since previous applications of this model were 
conducted at coastal areas with oceanic climates and Guadarrama 
is a mountain climate immersed in a typical continental climate. 
Results  are  shown attending  to  the  following  different  temporal 
scales:
• Annual and inter-annual scale
• Monthly scale
• Daily scale
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Hardangerjøkulen glacier in Hordaland, Norway. As an evocation of what the  
Massif of Peñalara might have looked like in the past. 
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4.4.1 Annual and Inter-annual Scale Evaluation
Figure 4.36 shows the scatter plots of observed precipitation versus 
modeled by LMOP at the three observatories. The correlation is 
significant for the three observatories 
Figure  4.36. Scatter plot of annual measured versus modeled precipitation at the 
three observatories for the period 1990-2013
Figure 4.37 shows observed (bars) and modeled (lines) total annual 
precipitation from 1990 to 2013 for the three observatories. 
Figure 4.37. Total annual precipitation observed (bars) and modeled (lines) at the 
three sites for the period 1990-2013
Figure  4.38 shows the anomalies of observed precipitation (bars) 
versus modeled (lines) for the period 1990-2013 for the three sites. 
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Figure 4.38. Annual  precipitation anomalies observed (bars) and modeled (lines) at 
the three sites for the period 1990-2013
Annual totals simulated by LMOP seem to have a good correlation 
with observed ones specially for N and S. For C, the correlation is 
weaker  (Figure  4.36).  Figure  4.38 shows  how  LMOP seems  to 
reproduce fairly well the inter-annual variability for the three sites. 
One exception is the drought before 1995, LMOP is giving higher 
values than observed specially for N observatory.  This is not the 
case for the drought of 2004, that is overestimated. These results 
are  pointing  to  a  different  origin  of  the  droughts  and  deserves 
further investigation.
In general terms, precipitation anomalies modeled by LMOP are 
comparable with the observed ones (Figure 4.18), especially for the 
wet years, not the case for dry years as already pointed out.
4.4.2 Monthly Scale Evaluation 
Figure  4.39 shows the monthly total precipitation observed (bars) 
and modeled (lines) at the three observatories. 
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Figure  4.39.  Monthly precipitation observed (bars) and modeled (lines) at the 
three observatories
Figure  4.40 shows  the  standard  deviation  of  the  monthly  total 
precipitation  observed  (bars)  and  modeled  (lines)  for  the  three 
observatories.  The  area  between both  lines  is  equal  to  the  root 
mean squared error (RMSE).
Figure 4.40. Standard deviation of the monthly precipitation observed (black) and 
modeled (gray) at the three observatories 
LMOP formulation does not take into account convective effects. 
For this reason, the differences found during May and October at S 
might be attributable to this phenomena (Figure 4.39 and 4.40).  
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Regarding  monthly  totals,  LMOP  reproduces  very  well  the 
observations (Figure  3.6). Average monthly totals seen by LMOP 
follow the annual cycle very close to observations, accounting for 
the  summer  drought  at  the  three  observatories.  Results  are 
promising  for  N,  with highest  RMSE values  around 20 mm for 
winter months. LMOP over-estimate precipitation for these months 
but considering that wind is higher during these months, probably 
there is an underestimation of the observation.
May  is  the  month  that  LMOP  shows  highest  difficulties  to 
reproduce observations especially at the plateau observatories (S 
and C). Some authors (Iturrioz et al., 2007) have pointed out that 
from May to October a higher ratio of precipitation events are not 
stratiform origin but due to thermodynamic instability. Also May is 
the month with higher ratio of hail precipitation (Figure 4.17.b). If 
we  consider  hail  as  a  good  tracer  of  deep  convective  events, 
convection is seen as the main factor explaining this difference since 
LMOP does not consider convection on its formulation.  
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4.4.3 Daily Scale Evaluation
Regarding daily precipitation,  scatter plots (Figure  4.41) show a 
better correlation for N and C than for S. A finer tunning might be 
necessary for having better results at S. Considering that monthly 
averages perform well, maybe a better work should be done on the 
synchronization of the intial values since their taken away from the 
mountain range and it takes some hours to reach the massif. 
Figure  4.41.  Scatter  plot  of  modeled  versus  observed  daily  precipitation  at  the 
observatories
Figure 4.42 shows daily accumulated modeled precipitation at S, N 
and C for every hydrological year. Wettest observed year and driest 
observed year have been marked for comparison (see Figure 3.6). It 
seems clear how LMOP is able to reproduce fairly well driest and 
wettest  years  at  N and  C observatories.  On the  other  hand,  it 
seems to perform not as good at S.
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Figure  4.42.  Daily  modeled  accumulated  annual  precipitation  at  the  top  of 
mountain observatory (N) for the period 1990-2013 and for hydrological years 
going from September to October. As in Figure  3.6 black  solid line represents 
accumulated  precipitation  for  the  year  that  reached  the  maximum observed 
precipitation. Solid gray line represents the average modeled accumulation. Black 
dashed line represents the accumulated modeled precipitation for the year with 
lowest observed precipitation.
4.4.4 High Resolution Assessment of Precipitation at  
Guadarrama
In order to evaluate the capability of the high resolution database 
generated by the LMOP, some results showing different features 
related to the  spatial  distribution of  precipitation characteristics 
are  presented  now.  This  high  resolution  gridded  data  base  for 
Sierra  de  Guadarrama  (SG01  hereafter,  Durán  and  Rodríguez-
Muñoz,  2015a) covers  the period from 1990 to 2013 with a 200 
meters of spatial resolution and a daily time step.
Figure  4.43  compares  mean annual  precipitation for  SG01 and 
Spain02 gridded database (Herrera et al., 2012) for their common 
period. This gridded observational database was developed with the 
highest  available  density  rain-gauge  stations  over  the  Iberian 
Peninsula,  generating a 0.2º  grid over  the whole  region.  One of 
A Comprehensive Assessment of Precipitation at Sierra de Guadarrama Through Observation and 
Modeling. Luis Durán Montejano, (2015) 
165
Chapter 4. Results
their more clear interests is related to the validation of regional 
climate model simulations over the Iberian Peninsula (Herrera et 
al., 2010; Jimenez-Guerrero et al., 2013; Dominguez et al.,  2013; 
Lopez-Franca et al., 2015). Therefore, it can be consider the best 
gridded  database  at  high  resolution  for  the  Iberian  Peninsula, 
compared  with  other  similar  databases  (Haylock  et  al.,  2008), 
where just a small amount of the AEMET observational stations 
were used. 
When both data bases are compared, it is clear that Spain 0.2º 
gridded  database  can  roughly  obtain  the  spatial  distribution  of 
precipitation  at  Guadarrama.  As  the  orography  is  much  more 
smoothed (slightly higher than 1250 m, compared with the 2400 m 
of  SG01),  maximum precipitation obtained there is  around 1000 
mm yr-1,  compared with 1700 mm yr-1  shown by SG01 over the 
highest  points  of  the  mountain  range  (upper  figure).  This  is, 
nevertheless,  an  expected  result,  due  to  the  limitations  in  the 
resolution, and therefore, in the real height of the mountains under 
study. 
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Figure  4.43: Mean annual precipitation in mm year-1 for the same domain of SG01 (top 
panel) and Spain02 (bottom panel) for the common period 1990-2007. Orography for each 
database  is  also shown with contour  lines.  Navacerrada observatory is  indicated  with a 
square with a cross in both Figures.
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We can then focus on the capabilities of SG01. This first overview 
of total annual precipitation indicates that usually, the higher the 
point the larger precipitation is, from a global perspective with a 
certain shift due to the condensation and precipitation time lags. 
Valley minimum values can be seen, indicating that large range of 
precipitation totals from the 1700 mm yr-1 on the top levels, values 
around 500 mm yr-1 in the lower lands.
Figure  4.44 shows the interannual variability for the period 1990-
2013  calculated  out  of  SG01  data  base.  As  expected,  higher 
variability is found at higher elevations, right where most of the 
precipitation is snow. This is expected to have a higher impact on 
the water resources of the region.
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Figure 4.44. Interannual variability in mm year-1 defined as the standard deviation 
of the annual precipitation for the period 1990-2013
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Another simple to calculate feature of precipitation is the number 
of rainy days (precipitation higher than 1 mm day-1) per year. This 
is shown in figure 4.45 for the whole period. This database allows 
to see how values range from around 120 days per year over the 
highest peaks, to values around 55 days on the lower part of the 
valleys.
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Figure  4.45:  Number  of  precipitation  days  per  year  (days  with  precipitation 
higher than 1 mm) and for the period 1990-2013
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SG01  database  allows  to  calculate  many  other  features..  In 
particular,  index  related  with  extremes  can  be  of  high  interest. 
Following Zhang et al. (2011), where a set of index for temperature 
and  precipitation  were  defined,  here  some  of  them  have  been 
analyzed. One of the simplest ones is SDII (simple daily intensity 
index), which is defined just as the ratio between the two previous 
fields already shown: annual total precipitation over the number of 
wet days (> 1 mm). Results of this index can be seen on Figure 
4.46. As a measure of the intensity of rain when it rains, the results 
indicate that the areas with higher elevation have more than 15 
mm day-1 on average, meanwhile, lower points have values around 
5-6 mm day-1. It is clear that the shape of the distribution is much 
smoother than the orography, and not all  the peaks lead to the 
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Figure 4.46: SDII (simple daily intensity index) for Guadarrama calculated using 
SG01. Units are mm day-1
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same  amount  of  precipitation,  being  the  ones  around  Peñalara 
massif those with slightly comparative larger values.
Some simple measures of extreme events are those related to days 
with  heavy  precipitation:  R10  and  R20,  defined  by  the  annual 
count of  days when precipitation is larger  than 10 and 20 mm, 
respectively. The results are shown in Figure 4.47 and Figure 4.48.
A Comprehensive Assessment of Precipitation at Sierra de Guadarrama Through Observation and 
Modeling. Luis Durán Montejano, (2015) 
171
Figure 4.47: R10 defined by the annual count of days when precipitation is larger 
than 10 mm using SG01
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When looking at days with more than 10 mm, it can be seen once 
again the orographic pattern, with values up to 60 days (among 
those 120 obtained as rainy days, that is, around 50% of the total 
days of precipitation) over the highest peaks, and 10 days or less on 
the deeper valleys. If 20 mm are considered (Figure 4.48), a similar 
pattern is obtained, but now highest values are around 30 days, 
with less than 5 days for the lower elevations.
Dry and wet spells can also be calculated with very high resolution 
using  SG01.  Annual  maximum  length  of  dry  and  wet  spells, 
averaged  for  the  24  years  are  shown  on  figures  4.49 and  4.50, 
respectively. Some relevant features can be seen on these figures. 
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Figure 4.48 R20 defined by the annual count of days when precipitation is larger 
than 20 mm as estimated using SG01
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Dry spells can last for several months on the valleys, as already 
shown by Sanchez et al. (2011), using regional climate models at 50 
and 25 km resolution over the whole Iberian Peninsula. The spatial 
variability is quite high over this small region, ranging from values 
around 25 days over the  highest peaks,  to those 90 around the 
valleys.  Although  the  altitude  seems  to  be  the  main  aspect  to 
determine the length of the dry spell, also some other interesting 
results are obtained, probably related to the orientation of some 
valleys or peaks, as it can be seen with the large differences around 
Navacerrada, for example. When looking at the largest wet spells 
(Figure  4.50), a somewhat opposite figure is obtained, being now 
the peaks the areas where largest values can be seen (around 10 
days, on the average over the 24 years), and around 4 days on the 
valleys. 
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Figure  4.49. Annual value in days, averaged for the 24 years (1990-2013) of the 
largest dry spell, defined as the greatest number of consecutive days with daily 
precipitation amount below 1 mm
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Again, following the indices proposed in Zhang et al.  (2011),  to 
measure  the  intensity,  and  not  only  the  frequency,  of  extreme 
precipitation events, values related to the largest rainfall percetiles 
have been calculated. Figure 4.51 shows directly the values of the 
annual 95th precentile, that is, only a 5% of the rainy days give 
more  precipitation  amounts  than  that  value.  Maximum  values 
around the peaks reach 50 mm day-1, being near to 10 mm day-1 
around  the  valleys.  The  global  pattern  is  as  smooth  as  other 
magnitudes, such as R10 or R20. 
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The parameter R95p is proposed as a measure of rain intensity. It 
is defined as the total annual precipitation from days above that 
95th percentile. Figure 4.52 shows the ratio between R95p and the 
total annual precipitation (Figure 4.43) expressed in %. The Figure 
shows  a  clear  asymetry  between  northern  and  southern  side  of 
Guadararma.  Southern  side  shows  a  higher  percentage  of 
precipitation confined in the higher part of the distribution. This 
means that heavier precipitation concentrates in less days than in 
northern side. This could connect with the southwest flux pattern 
described  in  section  4.3  (Table  4.9).  It  is  remarkable  how  the 
orographic pattern seen in other figures is here not shown.
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Chapter 5. Conclusions
The main conclusions of this Thesis can be summarized as follows 
acording to four different aspects:
a) Monitoring Meteorology at Mountains:
• It  is  possible  to  use  automatic  techniques  for  measuring 
weather  and  climate  at  mountains  but  there  are  some 
factors  that  affect  their  representativity,  inducing  biases, 
specially in winter. 
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• Five  monitoring  sites  covering  the  altitudinal  range  of 
Peñalara and area of influence has shown to be enough to 
find  relevant  altitudinal  differences  and  to  have  a  first 
assessment of climatology at this area.
• Regular non-heated tipping bucket rain gauges have shown 
not  to  be  very  appropriate  for  higher  elevations.  Other 
alternative non-heated sensors, like gravimetric or vibrating 
wire rain-gauges, with wind shields should be considered in 
the future. 
• Significant errors are expected if precipitation at this area is 
assessed  based  only  on  surface  measurements.   A 
combination  of  observations  with  other  techniques,  like 
physical modeling, is seen as the best option.
b) Climatology of Precipitation at Guadarrama:
• Significant  differences  regarding  total  precipitation, 
interannual  variability  and  summer  drought  have  been 
found between close observatories in Guadarrama.
• Total  snow  precipitation  at  higher  elevations  of 
Guadarrama is higher than rain precipitation.
• Most of the precipitation events in Guadarrama are related 
with the advection of humid air masses coming from the 
Atlantic Ocean. 
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c)  Relationships  Between  Synoptic  Flows  and 
Precipitation:
• Seven  total  column  water  vapor  flux  based  regimes  are 
responsible of modulating precipitation at Guadarrama.
• In general terms, three of these flux patterns are responsible 
of  most  of  the  precipitation  at  Guadarrama  (Cyclonic, 
NAO- and South West), while four can be considered as dry 
patterns (West, NAO+, East and North West).
• South West pattern gives normally the higher precipitation 
rates  giving  a  good  example  of  interaction  between 
orography and moisture flux. 
d) Multi-Scale Assessment of Precipitation at Guadarrama
• The  hypothesis  that  assumes  that  total  precipitation  at 
Guadarrama  is  the  sum  of  large  scale  precipitation, 
orographic  precipitation  and  a  minor  contribution  of 
thermally driven convective precipitation has proven to be 
solid. 
• Orographic precipitation phenomena is accounting for the 
big differences found between precipitation measured at the 
plateau observatories and top of mountain observatory.
• Linear  Model  has shown to be  a valid tool  for  assessing 
precipitation at Guadarrama at different scales. SG01 has 
shown to be a valid high resolution data base for assessing 
precipitation at this area and opens new research an water 
management horizons.
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Lenticular clouds along the valley are thrown towards Madrid  
due to a northwest wind that turns pure west at higher levels
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